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HE Engineering Experiment Station ‘was established by act of ‘ 
the Board of Trustees, December 8, 1903. It is the purpose 
of the Station to carry on investigations along various lines of — 4 
engineering and to study problems of importance to professional engi- - 
neers and to the manufacturing, railway, mining, constructional, and 
industrial interests of the State. us 
The control of the Engineering Experiment Station is vested in the — 
heads of the several departments of the College of Engineering. These 
constitute the Station Staff and, with the Director, determine. the - : 
character of the investigations to be undertaken. The work is carried — 2 
on under the supervision of the Staff, sometimes by research fellows 
as graduate work, sometimes by members of the instructional staff 
of the College of Engimeering, but more frequently by investigators 
belonging to the Station corps. 
The results of these investigations are published in the form af, 
bulletins, which record mostly the experiments of the Station’s own staff 
of investigators. There will also be*issued from time to time, in the i 
form of circulars, compilations giving the results of the experiments of 
engineers, industrial works, technical institutions, and eoverinGatal 
testing departments. x 
The volume and number at the top of the front cover page are merel 
arbitrary numbers and refer to the general publications of the Uni 
versity of Illinois: either above the title or below the seal is given the numb 
of the Engineering Experiment Station bulletin or circular which ‘shou 
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A STUDY OF THE FORMS IN WHICH SULPHUR OCCURS 
IN COAL 


I. IntTRODUCTION 


1. Present Status of Knowledge of Sulphur in Coal.—Although 
arbon, hydrogen, and oxygen are generally considered to be the three 
mportant elements in coal, sulphur often forms a large portion of the 
coal substance.* In Illinois coals the sulphur often weighs as much 
r more than the quantity of hydrogen, but the behavior of these sub- 
tances is radically different. The heat value of sulphur, for example, 
s less than one-twelfth that of hydrogen. The products of combustion 
noreover differ widely, the sulphur burning to an acid and the hydrogen 
o water. Other marked differences occur in the processes of com- 
yustion and of coking. These differences are modified to a certain — 
xtent by the original forms in which the sulphur occurs in the coal 
ubstance. From these considerations it is obvious that a knowledge 
f sulphur in its initial forms in coal is highly desirable. 

For some time sulphur in coal has been known to be combined with 
ron as iron pyrites and marcasite, both of which have the formula 
feS2, Very small quantities of sulphates also are found, but the 
‘mount is so small, especially in freshly mined coal, that it is almost 
iegligible. Free sulphur has been suspected to be present in coal, but 
ts presence is the exception rather than the rule. Iron pyrites is 
mdoubtedly the chief inorganic sulphur compound found in any great 
jyuantity in coal. 

There are many indications that organic sulphur compounds form 
i large part of the sulphur in coal, but the nature of these compounds 
wr the amount of sulphur so combined has never been determined prior 
© this investigation. Since the organic sulphur had its source in the 
yrotein sulphur of the plant and animal life from which the coal was 
ormed, it is probable that these compounds in the coal are degradation 
vroducts of the original material. 

Methods} for the analysis of the total sulphur of coal are numerous 


ind need not be described here. They all depend upon the general 
ae 

i *See Appendix I for a historical discussion of the constitution of coal. 

_ See Appendix II for a historical discussion of the development of a method for analyzing the 
s of sulphur in coal. 
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principle of completely oxidizing the sulphur to the sulphate form and 
then precipitating it as barium sulphate. No reliable and accurate 
method, however, has been devised for estimating each form of sulphur 
in coal. The method generally used at the present time is indirect 
and makes use‘of the following assumptions. All the sulphur in coal 
is assumed to be present as pyrites, or marcasite sulphates, and organic 
sulphur. The amount of sulphate sulphur is estimated by dilute 
hydrochloric acid extraction. In addition to the determination of 
sulphate sulphur in the extract, the iron is also determined. The 
remainder of the iron in the coal, which is obtained by subtracting the 
extract iron from the total iron, is assumed to be combined with sulphur 
to form pyrites. By a simple stoichiometrical calculation the pyritic 
sulphur may be determined. Since only three forms of sulphur were 
assumed to be present, the organic sulphur content is calculated by 
subtracting the amount of the two inorganic forms from the total 
sulphur. 

Investigations prove that coal. undergoes considerable oxidation 
while in storage, to some extent when it is in free contact with the air, 
but to a less extent when it is stored in air tight containers. The oxi- 
dation of the coal substance as a whole includes the oxidation of the 
sulphur in coal. The iron pyrites oxidizes to the sulphate form so that — 
whereas fresh coal generally contains only a trace of sulphates, coal 
after being stored two or three years may have the major portion of 
the inorganic sulphur present as sulphate. 

When coal is subjected to destructive distillation not in contact 
with air, the sulphur present divides between the residue and the 
volatile matter. The ratio between the residual sulphur and the vola- 
tile sulphur in coal varies between wide limits. It remains fairly con- 
stant, however, for the same coal. The factors which control this 
ratio are not yet determined except in a very general manner. Certain 
coal constituents, entirely separate from the sulphur containing com- 
pounds, may have an effect on the percentage of sulphur retained in 
the coke, but in all probability the decisive factor affecting the sulphur 
content is the relative amounts of the different sulphur forms present. 

The sulphur in the volatile matter resulting from the destructive 
distillation of coal is in the form of hydrogen sulphide or thiophen 
derivatives, but the nature of the sulphur retained in the coke has neve 
been fully determined. A portion of it is known to be present in th 
form of sulphides, but the larger part seems to exist in organic com: 
bination. 
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2. Purpose of the Proposed Study.—The purpose of this investi- 
gation has been to make a thorough study of the nature of the sulphur 
containing compounds in coal, the quantity of each form present, and 
the change which characteristic forms undergo when the coal is allowed 
to stand or is subjected to coking. It has been stated that coal was 
assumed to contain three types of sulphur compounds. The present 
investigation was undertaken to prove or disprove the presénce of these 
types, to find out if other types éxist and to devise methods for the 
quantitative study of each form. 

With this preliminary work as a background, the changes which the 
sulphur in coal underwent through oxidation and the factors entering 
into these changes were then studied. The question of pyrites as a 
cause of spontaneous combustion in coal and the question of the dete- 
rioration of heating value are closely connected with the oxidation of 
sulphur in coal. For this reason a study of some of the conditions 
governing the phenomenon was of practical importance. 

A practical application of the sulphur in coal study is the coking of 
‘coal. The purpose of this investigation was not only to determine 
some relationship between the amounts of the various sulphur forms in 
coal and the residual sulphur left in coke, but also to determine the 
nature of the sulphur retained in the coke. A knowledge of these 
conditions would be at least one step toward a means for controlling 
the sulphur content of coke. 


3. Conclusions.—A study of the data contained hereinafter sug- 
gests the following conclusions: 


(1) The sulphur of coal occurs in four characteristic forms, two of 
them organic and two inorganic. 

(a) If the resinic organic type is shown to be organic sulphur 
by its lack of an ash, its presence in that portion of the organic 
material soluble in phenol indicates its association with that sub- 
stance. 

(b) The humus organic sulphur is shown to be organic by the 
very small amount of ash in the compounds in which it occurs. 
These compounds are shown to be closely related to humus sub- 
stances by their chemical action. 

(c) The pyritic or marcasitic sulphur is present as FeS: as 
indicated by the iron-sulphur ratio when the pyrites is oxidized 
and taken into solution. 
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(d) The sulphate sulphur is shown to be such by the fact that 
it dissolves in dilute hydrochloric acid as sulphate without pre- 
liminary oxidation. 

All four forms have therefore been definitely proved present, and 
only these forms exist in the coal since the combined percentages 
account for all the sulphur. Free sulphur was not found in any of the | 
samples of coal and is presumably absent except in unusual cases where 
it might occur in small quantities as a decomposition product of pyrites. 


(2) The early method of determining the forms of sulphur in coal 
gives high results for the pyritic sulphur and low results for the organic 
sulphur. The method developed in this investigation is decidedly more 
nearly accurate for the analysis of the different forms of sulphur in coal. 


(3) Some of the sulphur in coal, probably in the form of iron 
pyrites, is oxidized gradually to the form of sulphate. One of the chief 
factors in this reaction seems to be the length of time of standing. An 
excess of air has no very decisive effect upon oxidation; in fact, coal 
kept in a tightly stoppered flask oxidizes freely. 


(4) The reaction seems to be hastened by the presence of bacteria 
or some catalytic agent. This influence is not evident at first, probably 
because of the large amount of free oxygen present in the flask. 


(5) The amount of soluble sulphate formed by the reaction is 
less than it would be if the amount of soluble iron is taken as a criterion. — 
This fact suggests the union of some of the oxidized sulphur with the ~ 
organic matter of the coal. 


(6) It seems probable from this investigation that when the coal is 
coked the sulphur forms of the coals change as follows: 

(a) The sulphate sulphur is retained by the coke but in some 
form other than inorganic sulphate. 

(b) The pyritic sulphur is partially volatilized and a portion 
is also left in the coke, probably as sulphide sulphur. All the 
pyrites is decomposed. 

(c) Most of the resinic sulphur is left in the coke, but in a form 
different from that existing in the coal. 

(d) The humus sulphur volatilizes partly but some is left in 
the coke in a changed form, 
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(7) The forms of sulphur in the coke were studied, but they were 
not fully identified. A small part of the sulphur exists as sulphide, 
and the remainder is probably in combination with carbon. This last 
form is extremely stable to strong acids, oxidizing agents and heat, 
but readily gives up its sulphur as hydrogen sulphide when subjected 
to the action of nascent hydrogen. 


(8) During the coking process, secondary reactions between con- 
stituents of the coal and decomposed sulphur compounds affect the 
quantity of sulphur retained by the coke. 
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II. Tue DEVELOPMENT oF A METHOD FoR ANALYZING THE 
DIFFERENT Forms oF SULPHUR IN COAL* 


4. The Method Involving the Use of Organic Solvents.—The first 
method used to determine the different forms of sulphur in coal was that 
of organic solvents for removing the organic compounds with the idea 
that possibly all the organic sulphur would be acted upon by the solvent 
employed and would be found in the extract. : 

The solvent which extracted the greatest amount of material was 
phenol. In a few cases, the amount of sulphur in this extracted mate- 
rial was determined, but since this was both a difficult and time-con- 
suming procedure only the insoluble residue was analyzed for its sulphur 
content. The difference between the amount found and the total 
sulphur was the sulphur in the extract. It is seen that this procedure 
calls for the determination of the total sulphur. If in that connection 
the total iron is also determined, the assumption may be made that 
all the inorganic sulphur is combined with the iron either as FeS2 or 
FeSOs. If this assumption is correct, all the factors necessary for 
determining the various forms of sulphur present, namely, the total 
sulphur, the inorganic sulphur as sulphate and pyrites and by difference, 
the organic sulphur, might be found in the phenol soluble extract or | 
divided between that material and the cellulosic or insoluble residue. — 

This method for determining the different sulphur forms was pro- — 
visional and had no exact experimental confirmation but was regarded 
as the best method available at the time. The analytical procedure 
was as follows. The percentage of all constituents was based upon the 
coal as weighed out for analysis. A sample of coal was obtained, 
together with any information concerning where and how recently it 
had been mined and any other facts which seemed pertinent to the 
investigation. No effort was made to get representative samples, since 
a study of the compounds in one piece of coal would give results similar 
to those of a mixed sample, as far as the general composition of the coal 
and a method of analysis were concerned. This sample was then 
ground to about pea size by a rotary crusher; then the coal was spread 
out in a thin layer for several hours to secure in the sample the moisture 
conditions of the room. It was then ground to 100-mesh size and 
stored in an air-tight container. 


*See Appendix II for a historical account of the development of a method by other investigators. 
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A total sulphur and a total iron determination were made on a small 
quantity of the sample, and on a larger quantity a determination of the 
sulphur and the iron which were soluble in dilute hydrochloric acid. 
The percentage of total iron minus the percentage of hydrochloric-acid- 
soluble iron was considered to be the percentage of pyritic iron in the 
sample. From this result pyritic sulphur was estimated, it being 
assumed that pyrites always has the formula FeS: The sulphate 
sulphur was assumed to be that obtained in the hydrochloric acid 
extract. The organic sulphur was then taken as the difference between 
the total sulphur and the sum of the two inorganic forms. 

The method used for determining the total sulphur and iron in the 
coal was that of Eschka and Fresenius. Although the results for the 
sulphur were fairly good, those for the iron were generally too low. A 
sodium peroxide fusion method, which gave excellent results, was then 
substituted; consequently this substitute method was used during the 
investigation for the analysis not only of the coal, but also for sulphur 
and iron in all residues. 

This fusion was performed in a pure nickel crucible, having a loose 
fitting lid and a capacity approximating 50 cc. Some sodium peroxide 
was placed in the bottom, on top of which was placed the substance 
to be analyzed in the form of a fine powder. Sodium peroxide was then 
added until the crucible was about half full, the amount depending 
upon the quantity of coal substance used. With coal itself, half gram 
samples were used. The contents were thoroughly mixed by means 
of a glass stirring rod, and a thin layer of sodium peroxide was sprinkled 
over the top. The lid was put in position and held in place by a piece 
of metal weighing a few ounces. The charge was ignited by using a 
‘Bunsen burner to heat the outside of the crucible. Almost without 
‘exception, complete combustion of the organic matter occurred in a few 
‘seconds, without any of the charge blowing out under the lid. After 
ithe crucible had cooled somewhat, the fusion was dissolved out with 
water. The alkaline solution was carefully acidified with hydrochloric 
acid and filtered. 

From this point in the analysis there was little variation from the 
ordinary methods of determining iron and sulphur in a solution. The 
hot solution was poured into a slight excess of ammonia and the mixture 
tirred to coagulate the ferric hydroxide. This hydroxide was filtered 
off and dissolved from the filter by using concentrated hydrochloric 
acid, and the amount of iron was determined by the usual Zimmermann- 

einhardt process. Since the quantities of iron were small in nearly 
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all cases, the potassium permanganate solution used was weak, its 
strength being about one-fortieth normal. 

The filtrate from the ferric hydroxide was made slightly acid with 
hydrochloric acid. When it was brought to boiling 10 ce. of 10 per cent 
barium chloride were added slowly. The solution was heated and 
stirred for some time in order to prevent the passing of barium sulphate 
through the filter. Since this precipitate was small, a slight loss would 
cause a large percentage error. After filtering, the filter was ignited 
in a porcelain crucible and the barium sulphate weighed. 

The method outlined in the preceding paragraphs varies in two 
particulars from the one ordinarily used. No oxidizing agent is added 
before precipitating the iron or the sulphur, since the sodium peroxide 
fusion has insured complete oxidation. A second precipitation of the 
iron to remove any basic sulphate is, furthermore, omitted, because 
the amount of precipitate as compared with the volume of the solution 
is so small. In order to show that a second precipitation was unneces- 
sary and that the method used was accurate enough for the purposes 
of the investigation, the following experiment was performed. Two 
samples of pure ferrous ammonium sulphate were weighed out, one — 
corresponding roughly to the sulphur content of one gram of a low : 
sulphur coal, the other to that of a very high sulphur coal. The sam- 
ples were dissolved in very dilute hydrochloric acid, oxidized by boiling 
with bromine water, and then run through the analysis just described. — 
The results of this experiment are presented in Table 1. . 


TABLE I 
CuEcK ANALYSIS OF Ferrous AMMONIUM SULPHATE 


Weight of sample i. gelsavnecielou enteaterire nis tacriicia nreieitsiei ree .0729 g. .3080 g. 
Theoretical per cent iron is.) <a.tkn ces ee es oe «tele eee eetn are 14.3 14.3 
Per cent.iron determined ac5.40 5s te eae ae oes Seen eb 14.4 14.2 
Theoretical per-centisulphur jis. cotta eee teat 16.4 16.4 
Per cent sulphur, determined.) 2.7 crataaiw viv sie e-aye cal euthabeniaretcnre ss 16.5 16.3 


It will be noted that the variation between the theoretical and 
actual determination is very small. If larger samples had been used, 
the relative error would probably have been still smaller. Considering 
the error for the size of the samples of coal used, the error when using 
large samples would not be greater than 0.01 per cent. Since no con- 
clusions are drawn within this amount, the method is suited to the 
conditions of the work. 

The sulphur and the iron of coal soluble in dilute hydrochlori 
acid were determined from samples of the coal weighing 5 grams. Thes 
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samples were treated with 300 cc. of 3 per cent hydrochloric acid. This 
mixture was allowed to digest at 60 degrees Centigrade for 40 hours. 
The solution containing the soluble iron and sulphate sulphur was 
filtered off and oxidized by means of bromine water. Analyses were 
then made for both sulphur and iron by the method previously de- 
scribed. This method of extraction is accurate for the determination 
of sulphates. It does not determine other sulphur forms present, 
however, as shown by the fact that coals known ‘to contain large 
quantities of pyritic and organic sulphur yielded no sulphur whatever 
by this means of extraction. 


These methods when used as described will determine the percentage 
of the different forms of sulphur in coal, provided the assumptions 
previously made are correct. 


The next step in the investigation, namely, the extraction of the 

coal with phenol, was made in a manner slightly different from that 
usually employed. Instead of dropping hot condensed phenol upon the 
coal in an extraction thimble, a flask containing both the finely powdered 
coal and the phenol was heated to 140 degrees Centigrade by an electric 
oven. A one-half gram of coal was placed in a 100 cc. Erlenmeyer 
flask. An air condenser about two feet long was placed in the neck 
of the flask with the condensing tube extending through the top. 
Twenty-five cubic centimeters of molten phenol were poured upon the 
coal. The flask was placed in the inner chamber of the electric oven 
and heated at a temperature of 140 degrees Centigrade for 20 hours, 
after which it was removed and the contents promptly filtered through 
a Gooch crucible. The flask was thoroughly rinsed with alcohol to 
remove any particles of residue and to dissolve the excess phenol from 
the residue in the crucible. An ether washing followed, the residue 
being allowed to dry in the crucible. 
In a few cases, as mentioned in the foregoing, the extract was 
analyzed for its sulphur content, but the method was difficult and time- 
sonsuming. When such an analysis was made, the dark red extract 
as evaporated in a porcelain dish heated by the electric oven. When 
umost all the phenol had been driven off, the dish was allowed to cool 
md the remaining substance was carefully removed with a spatula. 
he substance was finely powdered and fused with sodium peroxide 
n order to get the sulphur into solution to analyze. To prevent the 
xidation of the extracted substance while in the oven, a slow stream of 
iarbon dioxide was passed through the heating chamber. 


The most convenient way of determining both the residual and the 
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extracted sulphur, however, was the analysis of the insoluble residue. 
The residue was emptied from the Gooch crucible and mixed thoroughly 
with sodium peroxide. The analysis from this point was the same 
as that for the total sulphur in coal. Care had to be taken to make 
the asbestos mat as thin as possible, since the subsequent fusion with 
sodium peroxide took most of the asbestos into solution and trouble 
might be encountered later with the silicic acid when the barium 
sulphate was precipitated. With this precaution observed, the solution 
did not need to be evaporated to remove the silicic acid, since it 
does not precipitate with barium in dilute solutions.* The difference 
between this residual sulphur as thus determined and the total sulphur 
was the sulphur extracted by the phenol. 


5. Description of Apparatus Used.—A cross-section of the electric — 
oven especially constructed for the phenol solution experiments in this 
investigation is shown in Fig. 1. The cylindrical casing of galvanized 
iron was made 14 inches high and 12 inches in diameter. The inner 
chamber was a cylinder of heavy iron, 10 inches high and 5 inches in 
diameter, wrapped with asbestos paper and ‘‘nichrome’’ resistance 
wire in the form of a coil. Fifty feet of No. 20 wire was wrapped into a 
one-quarter-inch coil, doubled at the middle and coiled around the 
cylinder ten times so that the two ends came out at the top. On top 
of this wire a one-half-inch layer of fireclay-water glass mixture was 
placed, and the space between the inner chamber and the casing was 
filled with an asbestos-magnesia compound. An alternating current 
of 110 volts was used, and with no other resistance than the wire of the 
oven the current flowing was 3.1 amperes. In order to keep the tem- 
perature down to the 140 degrees desired, it was necessary to put lamps 
in the circuit for resistance. 


In the experiments by Parr and Hadley on phenol extraction, an _ 
effort was made to exclude air from the extraction chamber by the use 
of a stream of carbon dioxide. The method used in the present investi- 
gation did not require this precaution as shown by the following experi- 
ment. Two flasks were used, one of which had the air condenser open 
at the top as usual. The other was closed by connecting it to a U tube 
containing alkaline pyrogallol. This U tube was attached to another 
containing water. The air was pumped from the flask and allowed to— 
return through the two U tubes; thus only nitrogen was in the extraction 


*Hillebrand, W. F., ‘‘ Mineralogical Notes,’’ U. S. Geological Survey, Bul. 167, p. 73, 1900. 
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flask during the entire process. After the usual process of extraction 
these results were obtained: 


Total sulphurincoal . . . ooo. 2 ue. Le DEPACeME 
Residual sulphur with open eoadensee . . . 2.03 per cent 
Residual sulphur with nitrogen atmosphere. . 2.06 per cent 


In several other cases the same test was applied and no essential differ- 
ence in results was noticed; consequently the open end condenser was 
used in nearly all the extraction work. 


6. Description of Coal Samples Tested.—Ten different coals were 
studied during the investigation. A brief description of each is pre- 
sented as follows: 


Coal No.1. A Vermilion County coal taken from an Illinois Traction Company 
car in October, 1915. 

Coal No. 2. A Vermilion County coal obtained from a mine near Georgetown, 
May 19, 1915. 

Coal No. 3. A Vermilion County coal collected from Kelly No. 4 mine at 
Westville, March, 1916. 

Coal No. 4. A Vermilion County coal obtained from the Danville Colliery 
Company at Catlin, October 25, 1916. 

Coal No. 5. A Saline County coal mined near Harrisburg, April 1, 1915. 

Coal No. 6. A Vermilion County coal secured from the Danville Electric Mine, 
June 10, 1915. 

Coal No. 7. A Vermilion County coal secured from the Danville Colliery Com- 
pany at Catlin, February 3, 1917. 

Coal No. 8. A Tennessee coal of the Jellico type, known as “Black Beauty,’’ 
obtained about May, 1917. 

Coal No. 9. A Japanese coal containing large clumps of resinous material, 
mined December, 1913. 

Coal No.10. A Tennessee coal of the Jellico type obtained April 1, 1915. 


Seven of the ten coals used were from Illinois, one of these coming 
from Saline County and the other six from Vermilion County. The 
Vermilion County coals were most suitable for the investigation, since 
their sulphur content was generally high and they contained compara- 
tively large amounts of the different sulphur forms. Eastern anthra- 
cites were not analyzed since they contain little sulphur. 

The samples were put in air-tight containers on the days they were 
obtained and studied at times over a period varying from one day to 
almost three years. The variation in the age of the samples was 
advantageous since a great variety of data concerning the sulphate 
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formed could be obtained. Sulphate sulphur, for example, increases 
rapidly in most coals during storage; consequently the hydrochloric- 
acid-soluble iron and sulphur were redetermined before each set of 
data on a coal was secured. 

The proximate analysis of each of these coals is given in the following 
table. 


TABLE 2 


PROXIMATE ANALYSES OF COALS 
(Values given in per cent) 


Sample Number Moisture Volatile Matter Fixed Carbon Ash 


COMDNAP Whe 


i 


The analyses for sulphur and iron on each of the coals, calculated 
on an air dry basis,* are given in Table 3. 


TABLE 3 
SULPHUR AND IRON CoNTENT OF COALS 
(Values given in per cent) 


Sample Number] Total Sulphur Total Iron HCI sol. Sulphur HCI sol. Iron 


1 2.68 1.36 0.04 0.14 
2 2.18 1.65 0.17 0.27 
3 0.64 0.21 0.00 0.06 
4 2.14 0.69 0.05 0.07 
5 1.20 0.55 0.25 0.20 
6 5.00 3.40 1.31 1.62 
di 3.31 ies 0.01 0.07 
8 1.02 0.82 0.01 0.12 
9 1.40 0.95 0.02 0.29 
10 0.94 0.38 0.02 0.11 


In this table an effort has been made to show the percentage of 
hydrochloric-acid-soluble sulphur and iron when the phenol extraction 
was made. As previously mentioned, these values change somewhat 
rapidly; so this determination was repeated at intervals during the 
progress of the investigation. 


*Unless otherwise stated, all percentages through the investigation are referred to the basis of 
_ the air dried coal. 
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7. Results Obtained by Organic Solvent Methods.—Table 4 gives the 
results of phenol extraction of these coals and a comparison with the 
organic and inorganic forms of sulphur in the coal as calculated from 
the foregoing data. The method used in calculating these forms of 
sulphur has been indicated, but it may be repeated in a more definite 
manner. The pyritic sulphur, that is, the sulphur combined as iron 
pyrites or marcasite, was deduced by subtracting the soluble iron from 
the total iron and then multiplying this result by 1.145 which is the 
chemical factor for calculating the equivalent of sulphur combined 
with the iron when the two are associated as pyrite. The sulphate 
sulphur was considered the same as the soluble sulphur. 


TABLE 4 


CoMPARISON OF SULPHUR EXTRACTED BY PHENOL WITH ORGANIC SULPHUR 
(Values given in per cent) 


A B Cc D E F 
: Total Difference 
Organic S Organic 8: between 

Sample Total Sulphur on mes y Soluble in Total 
Number Sulphur as FeS2 as Sulphate | Difference, Phenol Organic S 
1. @:, and Phenol 
A—(B+C) Soluble S 

1 2.68 1.39 0.04 1.25 0.42 0.83 

2 2.18 1.58 Lie ly 0.43 0.15 0.28 

3 0.64 0.17 0.00 0.47 0.20 0.27 

4 2.14 0.71 0.05 1.38 0.34 1.04 

5 1.20 0.40 0.25 0.55 0.16 0.39 

6 5.00 2.03 1.31 1.66 0.77 0.89 

ts 3.91 2.06 0.01 1.24 0.50 0.74 

8 1.02 0.80 0.01 0.21 0.10 0.11 

9 1.40 0.75 0.02 0.63 0.21 0.42 

10 0.94 0.31 0.02 0.61 0.12 0.49 


It may easily be seen from this table of experimental results that no — 
relationship whatever exists between the amount of sulphur extracted 
by the phenol and the amount calculated to be present as organic sul- 
phur, except that the latter is always considerably larger than the former. 
This difference in results may be due to any one of several conditions. 
The phenol may not extract all the organic sulphur compounds, or the 
sulphur may be present in some undetermined inorganic form. The 
standard of comparison has, moreover, not been definitely proved cor- 
rect, for the iron considered to be pyritic iron may be combined with 
more sulphur than the theoretical amount for pyrite, or it may be com- 
bined with less sulphur as in coal which contains iron silicate. 

A wide gap exists between the supposedly organic sulphur calculated 
by difference (column D) and the phenol soluble sulphur (column E) 
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which is known to be organic in character. That the phenol extracted 
sulphur is organic in nature cannot be doubted since the extract is 
practically ashless, and organic sulphur only must, therefore, be present. 
Two questions remain to be answered: first, is the iron, assumed to 
be combined as pyrites, quantitatively present as such, and secondly, 
what is the nature of that sulphur assumed to be organic and not 
extracted by phenol, the quantity of which is probably represented for 
each coal in the last column of Table 4? 

To determine the nature of the sulphur assumed to be organic and 
not extracted by phenol, other solvent methods were used. Higher 
temperature or longer time than had been used for extraction by the 
phenol was not considered practicable according to previous research. 
As far as the amount of sulphur extracted was concerned, the method 
used in this investigation was as good or even better than the extraction 
thimble process of Parr and Hadley and of Charlton, as shown by a com- 
parison of the two methods on the same coals. In every case the per- 
centage of sulphur extracted by the phenol was slightly greater when 
determined by the method here described. Since no additional help 
could be obtained from phenol extractions of coal, other solvents were 
sought to extract the coal sulphur compounds. 

Among these solvents pyridin and anilin have been used in a study 
of the constitution of coal. Since the amount of sulphur extracted 
by these solvents had not been investigated, some experiments of this 
nature seemed essential to the investigation; consequently a sample of 
coal No. 1 was extracted with pyridin and another with anilin. In 
these qualitative tests approximately the same amount of sulphur 
appeared in the extract as when phenol was used. These solvents, like 
phenol, had no effect on iron pyrites and calcium sulphate. In order 
to test them quantitatively, 0.5 gram samples of coals Nos. 1 and 3 
were extracted with 25 cc. of anilin, the same method of procedure 


TABLE 5 


Suteuur ExtracTepD BY ANILIN 
(Values given in per cent) 


Difference between 


Sample Total Organic S Organic S Soluble | Organic S$ Soluble Total Organic S 
: Number by Difference in Phenol in Anilin and Anilin 
: Soluble 8S 
: 
. 1 1.25 0.42 0.44 0.81 
3 0.47 0.20 0.09 0.38 


ee 
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being followed as with phenol. The temperature of the extraction 
was 140 degrees Centigrade. The results are given in Table 5. 

Compared with the results obtained by the phenol extraction, the 
results are about the same for No. 1. For coal No. 3, however, they are 
not so good. No conclusions can be drawn from this experiment 
regarding the anilin soluble sulphur constituents being the same as — 
those of the phenol soluble. 

Another extraction experiment was tried in which a mixture of equal 
parts of phenol and aniline were used as the solvent. The conditions 
for this determination were the same as those for the preceding experi- 
ment. The following table gives the result. 


TABLE 6 


SuLpHUR EXTRACTED BY PHENOL AND ANILIN 
(Values given in per cent) 


Difference between 


Sample Total Organic S | Organic S Soluble | Organic S Soluble | “Total Organic 8 
Number by Difference in Phenol in Phenol and Phenol-Anilin 
and Anilin Soluble § 
1 1.25 0.42 0.53 0.72 


This experiment seemed to give better results than the preceding 
one, but the sulphur unaccounted for was still too great to regard this 
method as of practical value. Theoretically it was interesting, since 
it indicated that constituents might be extracted by the basic aniline 
different from those extracted by the acid-like phenol. 

The extractions with pyridin had to be made at a temperature 
lower than that made with phenol and anilin, because of the lower 
boiling point of this solvent. The temperature chosen was 85 degrees 
Centigrade. The results are given in Table 7. 


TABLE 7 


SuLpHuR EXTRACTED BY PyRIDIN : 
(Values given in per cent) 


Difference between 

Toe Ses Ss 
and Pyridin 

Soluble 8 


Sample Total Organic S Oriana, 3 Soluble 


Organic S Soluble 
Number by Difference in Phenol in Pyridi 


in Pyridin 
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The sulphur extracted by pyridin is less than that removed by 
phenol; hence its use as a solvent was discarded. Benzene was tried as 
a solvent, but it also proved ineffective. From the experimental data 
given, the task of removing all the organic sulphur by means of an 
organic solvent seemed hopeless. Inorganic solvents were next used. 


8. Methods Involving the Use of Inorganic Solvents.—The first 
inorganic solvent tried was sodium hydroxide. A sample, 0.5 g., of 
coal was extracted with phenol. The residue was then treated with 
50 ec. of 5 per cent sodium hydroxide, allowed to stand at room tempera- 
ture for 48 hours and filtered.. The filtrate was then oxidized by means 
of sodium peroxide. An extraction of only 0.23 per cent of sulphur 
was secured from coal No. 1, having 0.83 per cent unaccounted for, and 
0.39 per cent from coal No. 2 with 0.28 per cent unaccounted for. 
From these results it seemed evident that sodium hydroxide would 
not extract all the organic sulphur. 


The second inorganic solvent tried was potassium permanganate, 
which according to qualitative tests has a noticeable solvent action on 
iron pyrite. It reacted also rather quickly on coal and took a quantity . 
of sulphur into solution. The permanganate decolorized quickly in 
both cases and large quantities of manganese dioxide were precipitated. 
In no case, however, did the sulphur extracted by the permanganate 
approach in amount that of the pyritic sulphur, perhaps because of the 
ready reaction of the coal substance with the permanganate; hence 
repeated treatments were necessary to insure complete oxidation of the 
pyrites. Such discordant and inconclusive results were obtained and 
such large quantities of manganese dioxide were precipitated that this 

method was abandoned. 


| Concentrated nitric acid was the solvent next tried. This was 

known to be a complete solvent for the pyrites. Whether it would 

attack and take into solution the more stable organic sulphur com- 
pounds of the coal had to be determined. Gram samples of the coals 

_were placed in beakers and covered with 25 cc. of concentrated nitric 
acid. After twenty-four hours of extraction, the percentages of sulphur 
given in Table 8 were found in the filtrate. 


These results show that the nitric acid did not extract all the pyritic 
and sulphate sulphur as was assumed it would. The shortage might be 
attributed to extraction at room temperature. On the other hand the 
amount of calculated pyritic and sulphate sulphur may be high because 


ee ae 


22 ILLINOIS ENGINEERING EXPERIMENT STATION 


TABLE 8 


CoNCENTRATED Nitric Actip ExTrRAcTION oF CoAL 


(Values given in per cent) 


Coal No. 1 Coal No. 2 Coal No. 4 


Sulphur in HNO? Extract... 02s... e se sealers = 1.20 1.47 0.41 
Pyritic and Sulphate Sulphur as indicated from the 
Iron present ..6Ass sien selon ashlee s eee en 1.43 1.75 0.76 


of an incorrect assumption concerning the form in which the iron occurs. 
A negative result seems to be obtained in attempting to find if any of the 
organic sulphur was oxidized and taken into solution. At least the 
data in Table 8 indicate that scarcely any organic sulphur was affected. 

All the experiments performed would tend to show that the sulphur 
unaccounted for is combined in an extremely stable form. The failure 
of nitric acid to extract all the pyritic and sulphate sulphur would 
particularly indicate this tendency. Free sulphur, however, might be 
left in the residue after the extraction with nitric acid. In order to 
determine this free sulphur the nitric acid treatment just described was 
repeated. The residue was then boiled with pure carbon tetrachloride 
to remove any possible free sulphur. The carbon tetrachloride was 
evaporated, and the slight residue left was mixed with benzoic acid 
and fused with sodium peroxide. This fusion was added to the nitric 
acid extract and the sulphur determined. By this modified method, the 
sulphur in the extract of coal No. 1 was raised 0.02 per cent and that 
of coal No. 2 raised 0.08 per cent. The formation of free sulphur during 
the nitric acid treatment accordingly seems of minor importance. 

The only common inorganic substances which might conform to the 
conditions as thus given are certain sulphides and a few insoluble sul- 
phates. After a sodium peroxide fusion of coal No. 4 was made, acidified 
with hydrochloric acid and passed in hydrogen sulphide, no precipitate 
except a little free sulphur was obtained. This experiment proved the 
absence of arsenic or any other metal which might make an insoluble 
sulphide. An excess of sulphuric acid was added to another portion 
of sodium peroxide fusion solution, but no precipitate was observed; 
thus the absence of metals forming insoluble sulphates was shown. By 
a process of elimination, therefore, it was essentially proved that the 
unknown sulphur of the coal was of some organic form, this fact being 
shown by experiments hereinafter described. 
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Although the concentrated nitric acid had proved a failure as a 
solvent for stable organic sulphur, it was an excellent solvent for the 
two inorganic forms, namely, the sulphate sulphur and the pyrites. 
The data given in Table 8 seemed to indicate that not all the pyritic 
sulphur was being extracted by the concentrated nitric acid. That all 
the pyrites was extracted and that the difference in percentages was due 
to false assumptions in tHe calculation of the pyritic sulphur will be 
shown later. 

The method used in treating the coals with the concentrated acid 
was very simple. Twenty-five cubic centimeters of concentrated nitric 
acid were poured over one gram of coal and the mixture allowed to 
stand twenty-four hours before filtration and analysis of the extract. 
The results thus obtained are given in Table 9 together with the per- 
centage of the combined pyritic and sulphate sulphur, as estimated by 
the old indirect method, and the total iron in the coal. 


TABLE 9 


CoNCENTRATED Nitric Acid ExtTrRAcTION oF CoAL 


(Values given in per cent) 


Pyritic Sulphur 
(as calculated 
Sample Sulphur in Tron in from supposedly Total Iron 
Number Acid Extract Acid Extract Pyritic Iron!) in Coal 
plus Sulphate 
Sulphur in Coal 


cs 1.72 1.53 2.07 1.87 
7 1.76 1.52 2.07 1.87 
ts LL Sze 1.51 2.07 1.87 
7 1.72 Rane, 2.07 re 
7 LETS ae 2.07 ce 
7 1.69 ca 2.07 Sng 
4 0.65 0.62 0.76 0.69 
4 0.65 0.58 0.76 0.69 


If the method for calculating the pyritic sulphur as indicated from 
the iron present were correct, the two iron values and the two sulphur 
values should correspond, or the nitric acid extract sulphur percentage 
should be a little higher than the iron percentage because of partial 
oxidation of the organic sulphur. The calculated values, however, are 
all high as compared with those obtained directly. 

Some doubt existed whether all the pyrites was being taken into 
solution by the nitric acid; consequently a series of experiments was 
begun to determine the effect of aqua regia on the coal. The method 


| 


1Pyritic Iron =Total Iron minus HCl Soluble Iron. 


x2 TU! 
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adopted was similar to that which made use of nitric acid, except that 
heat was applied to hasten the solution process, the time for which was 
reduced to about one hour. The solvent used consisted of one part of 
concentrated hydrochloric acid and three parts of concentrated nitric 
acid. Where only 0.65 per cent of sulphur had been extracted from 
coal No. 4 by means of nitric acid, the hydrochloric-nitric acid treat- 
ment yielded 0.74 per cent in a very short time, and 0.90 per cent during 
several hours on the water bath. Several coals were treated, and the 
results of these extractions are given in Table 10. 


TABLE 10 


Hyprocuuoric-Nirric ActiD EXTRACTION OF COAL 
(Values given in per cent) 


Pyritic Sulphur 
(as calculated 
Sample Sulphur in Tron in from supposedly Total Iron 
Number Acid Extract Acid Extract Pyritic Iron!) in Coal 
plus Sulphate : ® 
Sulphur in Coal 


4 0.89 peas 0.76 sieivia 
4 0.91 ah 0.76 Soir 
8 0.30 sien 0.81 3500 
8 0.29 i 0.81 tee 
5 0.57 0.44 0.65 0.55 
5 0.61 0.48 0.65 0.55 
7 2.08 1.58 2.07 1.87 
7 2.12 1.58 2.07 1.87 
9 0.42 0.50 0.77 0.95 
9 0.40 0.52 0.77 0.95 
6 3.95 3.34 3.34 3.40 
6 3.95 3.29 3.34 3.40 


Several interesting conclusions may be drawn from this table of 
data. Without much doubt the strong solvent action of hot hydro- 
chloric-nitric acid mixture established the presence of all the non- 
silicate iron in the filtrate. The silicate iron must then be considered 
the difference between the total iron and that in the filtrate. This 
difference is shown in the second and fourth columns of Table 10. In 
the case of coals Nos. 7 and 9, the amount of silicate iron is large. The 
error that this amount would cause in a pyritic sulphur determination 
by calculation from the iron present would be large. The data in 
Table 10 show that in some cases there is more sulphur in the extract 
than calculated to be present as pyritic and sulphate sulphur. Since 
the existence of silicate iron would reverse this discrepancy, the excess 
sulphur must be part of that organically combined, oxidized and taken 
into solution by the strong oxidizing solvent. 


1Pyritic Iron =Total Iron minus HCl Soluble Iron. 
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As previously stated, the iron extracted by the acid mixture is almost 
certainly the non-silicate iron, or in other words the sum of the pyritic 
iron and the iron soluble in dilute hydrochloric acid. If from this sum 
the dilute acid soluble iron is subtracted, only the pyritic iron will be 
left and from this the exact amount of pyritic sulphur may be deter- 
mined. Table 11 gives a comparison of the percentages of pyritic 
sulphur obtained by this method and by the method using the total 
iron minus the dilute acid soluble iron as representing the pyritic iron, 
and also gives the sulphur determined in the hydrochloric-nitrie acid 
extract minus the sulphur soluble in dilute hydrochloric acid. 


TABLE 11 
CoMPARISON OF PyriTIC SULPHUR DETERMINATIONS ON COALS BY 
DirrERENT Mrtuops 
(Values given in per cent) 


Coal No. 5 | Coal No. 6 | Coal No.7 | Coal No. 9 


Pyritic S calculated from Pyritie Fe. (Pyritic 
Fe =HCl plus HNO3 sol. Fe. minus dilute 


MICU BOLI G.)iietins ssa aeles os niche a eee ans 0.30 1.94 1.72 0.25 
Pyritie S calculated from Pyritic Fe. (Pyritic 
Fe =Total Fe. minus dilute HCl sol. Fe ) 0.40 2.03 2.06 0.75 


Pyritic Sulphur by analysis (Pyritie S=HCl 
plus HNOs sol. S minus dilute HCl 
BOL heta ictal atetarapein ate sistetotayg © saat avelerain 0.34 2.64 2.09 0.39 


This comparison of results shows that both the amount of pyritic 
sulphur obtained by the older method of calculation from the total 
iron and the amount of pyritic sulphur obtained directly from the hydro- 
chloric-nitric acid extraction are higher than that obtained by calcu- 
lation from the iron soluble in hydrochloric-nitric acid. The high 
results of the method of calculation from the total iron are due to the 
presence of greater or less quantities of silicate iron, and the high results 
of the direct hydrochloric-nitric acid extraction of pyritic sulphur are 
due to the oxidation of a part of the organic sulphur. A method was 
sought to obviate the oxidation of this organic sulphur in order to 
determine the sulphur in the resultant extract directly as pyritic sulphur 
(plus the sulphate sulphur). The results produced would give separ- 
ately the inorganic and organic forms of sulphur. 

An experiment to make separate determinations of organic and 
inorganic sulphur by means of bromine was run on Coal No. 9,* but the 
results obtained were as unsatisfactory as those secured with the hydro- 


*For a description of similar experiments by T. M. Drown see page 58. 
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chloric-nitric acid mixture. The bromine extraction apparently oxi- 
dized some of the organic sulphur as Ferdinand Fisher* found in his 
experiments. 

A systematic search was conducted for a solvent which would dis- 
solve the pyrites but not the organic sulphur. The plan followed is here 
briefly outlined. Samples of one of the analyzed coals were weighed 
out and extracted with dilute hydrochloric acid to remove all the sul- 
phate sulphur and soluble iron. Sometimes the coal was also extracted 
with phenol; thus the resinic substances which appeared to oxidize rather 
readily under the action of oxidizing solvents were removed. Any 
solvent acting on this residue now took into solution only pyritic 
iron and sulphur either in the form of pyrites or organic sulphur, since 
these were the only possible forms remaining. Concentrated acid solvents 
acting on the residue for a long time would dissolve any silicate iron 
present, but the conditions were always such that they prevented 
dissolution. The next step was to treat the residue with the solvent 
for a stated length of time, filter, and analyze the filtrate for sulphur 
and iron. Since pyritic iron could be the only possible iron in the fil- 
trate, the amount of pyritic sulphur may be calculated and compared 
with the sulphur actua/ly in the filtrate. If these two values are the 
same and this relationship holds for different percentages of iron in the 
extract, only one conclusion is possible—that pyritic sulphur and only 
pyritic sulphur is being taken into solution. 

The first experiment tried was preliminary and was a check deter- 
mination using iron pyrites. A small quantity of finely powdered 
crystalline iron pyrites was mixed with some of coal No. 3. This coal 
was chosen because it had a very low sulphur content and would furnish 
the coal substance proper with very little organic sulphur. The sample 
was first extracted with dilute hydrochloric acid to remove all soluble 
iron and sulphur. The mixture now corresponded to a high sulphur 
coal, with nearly all the sulphur present as pyrites. One-half gram 
samples of this mixture were extracted with 15 ce. of hydrochloric- 
nitric acid mixture for a few minutes, diluted, filtered, and the filtrate 
analyzed for iron and sulphur. The results obtained, expressed in 
percentages of the original weight of the sample, are given in Table 12. 

The different amounts of iron in the extracts result from the differ- 
ence in activity of the beginning of the reactions, which were allowed to 
proceed for only a few minutes. These different amounts show that 
iron pyrites was extracted during every phase of the reaction. The 


*See page 59. 
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TABLE 12 


Extraction or Coat-Iron Pyrires Mixture wira Hyprocuuoric-Nitric Acrip 
(Values given in per cent) 


Sample Tron in Acid Extract Sulphur in Acid Extract | Pyritic Sulphur Calculated 
Number from Iron in Acid Extract 
as Pyritic Iron 


1 1.67 1.94 1.91 
2 1.34 1.53 1.53 
3 1.30 1.44 1.48 
4 1.30 1.51 1.48 


similarity between the amount of sulphur in the acid extract and the 
amount as calculated from the iron in the acid extract leaves no doubt 
concerning this fact. 

The next experiment was performed with coal No. 7. The effect 
of the hydrochloric-nitric acid treatment on this sample is shown in the 
following table. The extractions were allowed to proceed for different 
lengths of time; so varying quantities of pyrites would be extracted. 


TABLE 13 
EXTRACTION OF CoaL No. 7 with Hyprocuioric Nitric Acip 


(Values given in per cent) 


Time of Pyritic Sulphur Calculated 
Extraction Tron in Acid Extract Sulphur in Acid Extract | from Iron in Acid Extract 
as Pyritic Iron 


1 min. 0.30 0.37 0.34 
2% min. 0.53 0.76 0.61 
5 min. 0.54 0.90 0.62 
10. min. Ont 1.32 0.88 


This table shows experimental results already conjectured: viz., 
that so strong an oxidizing solution as hydrochloric-nitric acid not only 
attacks the pyrites but also oxidizes the organic sulphur. Attention 
is called to the increasing difference between corresponding figures in 
the last two columns as the time of extraction increases. This observa- 
tion is evidence of the oxidation of sulphur other than that present in 
the pyritic form. 

This relationship is expressed graphically by the series of curves 
shown in Fig. 2. The curve representing the sulphur in the acid extract 
rises much faster than the one showing the amount of sulphur calculated 
on the assumption that only pyrites is taken into solution. The lowest 
curve shows the amount of iron dissolved as a measure of the pyrites. 
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Sulphur £guiva/ers 
for lron dissolved 
Calculated as Fyrites 


Quantity of Elements dissolved in per cert 
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Time in sTinutes 


Fig. 2. Curves SHOWING RESULTS OF THE EXTRACTION OF Coat No. 7 
WITH CONCENTRATED Hyprocuuoric-Nitric Acip 


Table 14 shows the effect of concentrated nitric acid alone on coal 
No. 7. 


TABLE 14 


EXTRACTION OF Coat No. 7 with CoNcENTRATED Nitric AcIp 


(One gram of coal used. Values given in per cent) 


Time of Pyritic Sulphur Calculated 
Extraction Tron in Acid Extract ‘Sulphur in Acid Extract | from Iron in Acid Extract 
: as Pyritic Iron 
21% min. 0.90 1.05 1.03 
5 min. 1.04 1.18 1.19 
10. min. 1.05 1.16 1.20 


Oe cote ae met 
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These results make it appear that concentrated nitric acid is the 
most satisfactory solvent. Using two-gram samples of the coal, how- 
ever, and allowing the extraction to proceed for a longer time gave the 
results shown in Table 15. 


TasBLeE 15 


EXTRACTION OF Coat No. 7 with CoNncENTRATED Nitric AcID 
(Two grams of coal used. Values given in per cent) 


Time of 4 : ; . Pyritic Sulphur Calculated 
Extraction Tron in Acid Extract Sulphur in Acid Extract | from Iron in Acid Extract 
3 as Pyritie Iron 


1 min. 0.92 1.18 1.05 
15 min. 1.01 1.35 1.15 
30 min. 0.99 1.36 1.13 
60 min. 1.00 1.36 1.14 


These results indicate that concentrated nitric acid will attack the 
organic sulphur compounds as suggested by the difference between the 
corresponding figures in the last two columns; hence concentrated nitric 
acid does not make an ideal solvent for iron pyrites. 

It was found convenient in such experiments to extract a quantity 
of coal with dilute hydrochloric acid* and then weigh out one-gram 
portions for each of the various solvent treatments, instead of extracting 
each sample separately. ‘The analyses of some of these extracted coals 
are given in Table 16. 


TABLE 16 
SuLPHUR AND IRON CONTENT OF COALS AFTER EXTRACTION WITH DILUTE 


Hyprocuioric Acip 
(Values given in per cent) 


Sample Number Total Iron Total Sulphur 
5 0.44 1.08 
6 2.22 4.00 
7 1.62 3.13 


In the following experiment, an effort was made to lessen the violent 
initial reaction between the nitric acid and the coal in order to reduce 
the action on the organic sulphur. The concentrated nitric acid was 
diluted with an equal volume of water and the solution was added to 
the coal when brought to a temperature considerably below that of the 
room. The results obtained with coal No. 6 are given in Table 17. 


*Unless otherwise mentioned, it will be understood that this hydrochloric acid extracted materia] 
was used in all subsequent experiments. One-gram samples were generally used, 


te 
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TABLE 17 “. 
ExtTRACTION oF CoaL No. 6 with Coup Nitric Acip 
(Values given in per cent) 


Pyritic Sulphur Calculated 


Time of Tron in Acid Extract Sulphur in Acid Extract | from Iron in Acid Extract 
Extraction as Pyritic Iron 
1 min. 1.67 1.97 1 
15 min. 1.72 2.11 1.97 
30 min. 1:72 2.25 1.97 
60 min. 1.76 2.30 2.01 


The excess of sulphur in the extract clearly indicates that even under 
the conditions of this experiment the organic sulphur is oxidized. 


9. Results Obtained with Dilute Nitric Acid as a Solvent.—Samples 
of coal No. 7 were extracted with various dilutions of nitric acid for 
about 20 minutes. The first column in Table 18 gives the number of 
volumes to which one volume of concentrated nitric acid was diluted. 


TABLE 18 
EXTRACTION oF Coat No. 7 witH Various Dinutions or Nitric Acip 


(Values given in per cent) 


; Pyritic Sulphur Calculated 
Dilution Tron in Acid Extract Sulphur in Acid Extract | from Iron in Acid Extract 
as Pyritic Iron 


1 1.09 1.43 

2 1.13 1.32 1.29 
4 0.62 0.67 0.71 
8 0,25 .24 0.29 


The last two dilutions gave very little sulphur in the extract and 
are probably too low. The dilution of the concentrated nitric acid to 
two volumes gave fairly good results, but the dilution to four volumes — 
appeared to be the one which seemingly had no oxidizing effect on the 
organic sulphur. This experiment showed that concentrated nitric 
acid diluted to four times its volume, with sp. gr. of 1.12, possessed 
the maximum solvent effect on iron pyrites without attacking the 
organic sulphur. All subsequent extractions for pyritic sulphur were 
made with this strength of nitric acid. 

Table 19 gives the results obtained by the use of this solvent on 
various hydrochloric acid extracted coals. All were treated at room 
temperature, 
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TABLE 19 


EXTRACTION oF Coats with Dinute Nirric Acip 
(Values given in per cent) 


Pyritic Sulphur 


Sample Time of Tron in Acid Sulphur in Acid Calculated from 
Number Extraction Extract Extract Tron in Acid 
Extract as 


Pyritic Iron 


7 hes 1.12 1,23 1,28 
cs 18 hr. 1.16 1.29 1.33 
A 72 hr. 1.13 1.30 1.29 
7 10 days 1.20 1.36 1:37 
6 4 days 1.80 2.06 2.06 
6 4 days 1.80 2.06 2.06 
5 4 days 0.27 0.31 0.31 
5 4 days 0.27 0.31 0.31 
9 4 days 0.15 0.16 OFLG 
9 4 days 0.15 0.16 0.17 
10 4 days 0.08 0.10 0.09 
10 4 days 0.08 0.10 0.09 


Although several types of coal of widely varying sulphur content 
were treated, the amount of sulphur in each of the extracts and the 
amount of sulphur calculated to make FeS.2 were in every case nearly 
the same, as shown by the figures in the last two columns in Table 19. 
Dilute nitric acid is, therefore, a selective solvent for iron pyrites. 
The relationship between the sulphur extracted by the acid and the 
pyritic sulphur calculated from the iron extracted by the acid is shown 
graphically for coal No. 7 by the curves in Fig. 3. 

The following experiment was performed to determine the best con- 
ditions for the dilute nitric acid extraction. Three samples of coal No. 7 
were extracted with the dilute nitric acid; one was boiled for fifteen 
Minutes, another was heated on the steam bath for four hours, and a 
third was allowed to stand at room temperature for four days. Results 
as shown in Table 20 were obtained. 


TABLE 20 


Extraction or Coat No. 7 wirH Ditute Nitric Acip 
(Values given in per cent) 


Pyritic Sulphur Calculated 
Conditions of Extraction Iron in Acid Sulphur in Acid | from Iron in Acid Extract 


Extract Extract as Pyritic Iron 
iled for 15 minutes.......... 6 9 ules 
am bath for 4 hours........- 1.14 | eS ee 


om temperature for 4 days... 
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The data in Table 20 show that the quantitative extraction of the 
pyritic sulphur is best brought about by treatment at room temperature 
for several days. Any attempt to hasten the process by heat would — 
result in the oxidation of some of the organic sulphur. 


10. The Determination and Identification of Humus Sulphur in 
Coal.—The experiments on the phenol extraction of coal proved that 
a certain portion of sulphur existed in organic combination in the 
resinic type of material. The dilute hydrochloric acid extraction was 
the means of determining the sulphate sulphur, while dilute nitric acid 
quantitatively removed the pyritic sulphur from the coal. After the 
percentage compositions of these three known forms were added and their 
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sum was subtracted from the total sulphur, a quantity of sulphur was, 
however, shown to be still unaccounted for. Any possibility that this 
extra sulphur could be combined with the iron to form a sulphide higher 
than FeS: was eliminated by the nitric acid extraction experiments. 
It seemed necessary, therefore, to test for some other type of compound. 

About five grams of coal No. 7 were extracted with concentrated 
nitric acid for twenty-four hours at room temperature. This treat- 
ment removed the pyritic and sulphate sulphur, but left the remainder 
in the residue, so that the latter could be studied conveniently by itself. 
Further treatment of the residue with nitric acid yielded no sulphur in 
the filtrate, nor did boiling with dilute nitric acid. 

Guignet* and later Friswellf had observed the effect of alkalies on 
coal previously treated with nitric acid. Two portions of the nitric 
acid residue were accordingly placed in beakers, one being treated with 
25 ce. of concentrated aqua ammonia and the other with a concentrated 
sodium peroxide solution. In both cases the thick dark brown solution 
described by Friswell was formed. ‘The ammonia extract was diluted 
and filtered, the filtrate having a dark reddish brown color. Upon 
acidifying a portion of this filtrate with hydrochloric acid, a brown 
flocculent precipitate formed which was filtered off with the same diffi- 
culty that characterized the first filtration. The filtrate in this case 
was a very light yellow and contained no sulphur. This showed that 
the sulphur in the nitric acid residue must be present either in the 
ammonia insoluble substance, of which there was very little compared 
with the original residue, or in the flocculent brown precipitate. The 
qualitative analysis of this precipitate, sometimes referred to as “coal 
acid,” showed large quantities of sulphur. An analysis of the small 
undissolved portion of the residue gave, furthermore, only a trace of 
sulphur. Anderson and Roberts{ had found that this undissolved 
portion consisted of nearly 60 per cent organic matter very similar to 
the coal acid which would have gone into solution if it had not been 
occluded. This explanation could easily account for the trace of sul- 
phur found. From this experiment, it was concluded that a knowledge 
of the unknown form of sulphur depended upon a study of the coal 
acid. The results of the sodium peroxide extraction were similar to 

those obtained with ammonia. 

It was decided to find whether the unknown form of sulphur was 


*See page 51. 
tSee page 51. 
tSee page 52. 
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organic or inorganic in nature. The logical procedure was the study 
of the ash of the coal acid. Two grams of coal No. 7 were treated in 
the usual manner, the result being the formation of over 1.5 grams of 
ammonia soluble material. The ash content of this material was deter- 
mined and when calculated on the basis of the original coal there was 
0.35 per cent. The ash content of the original coal was 9.45 per cent; 
consequently only a very small part of the mineral matter was extracted 
by the ammonia. The ash was then treated with hydrofluoric and 
sulphuric acids to remove the silica. It was then heated to change the 
metals present to the oxides. This mixture of oxides was dissolved and — 
analyzed for iron. The ash analyses by this method are: 


Silica 0.10 per cent 
Fe203 0.05 per cent 
Other oxides 0.20 per cent 

Total ash 0.35 per cent 


The unknown sulphur present in the ammonia extract amounted 
to about one per cent. It is inconceivable that this amount of sulphur 
could be combined in some inorganic compound while the mineral 
matter was present in so small an amount. ‘The probability is, more- 
over, that if such a compound existed, it would not resist the action of 
concentrated nitric acid and then dissolve in ammonia. The conclusion 
is therefore drawn that this sulphur is of an organic nature, that it 
exists in the humus-like portion of coal described in the literature, and 
that its combination in such substances is extremely stable. Because 
of the nature of the body in which this form of sulphur occurs, it is 
referred to hereinafter as humus organic sulphur in order to differentiate 
it from the resinic organic sulphur. 

As a means of verifying the methods just given, it was decided to 
determine the amounts of the various forms of sulphur present in certain 
coals, to add these together and to see how closely the total checked 
with the total sulphur of the coal as determined by sodium peroxide 
fusion. Extremely close checks were not expected, since the com- 
bined errors of five determinations entered into each comparison. 
Table 21 gives the average results obtained on five different coals, all 
that were studied in this connection. 

The agreement of the two totals in each case is very satisfactory, 
when the long series of manipulations which were made to obtain the 
sum of the four sulphur forms is considered. The last three determina- 
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tions gave low results, probably due to the retention of some of the 
humus sulphur by the residue when the ammonia extraction was per- 
formed. Such retention was particularly strong with coal No. 8, which 
dissolved in the ammonia with great difficulty after the nitric acid 
treatment. The results obtained by the various extraction methods, 
however, determine the general character of all the sulphur of the coal. 

Effort was made to secure more specific knowledge of the organic 
sulphur compounds present in coal, but with negative results. Smiles’s 
test for sulphuric acids and sulphoxides was performed by treating 
some finely powdered coal with concentrated sulphuric acid and then 
by adding a drop of anisole. The same test was applied to some of the 
ammonia extract, but in neither case was the positive blue color ob- 
tained. The isatin test for thiophen also gave negative results. It is 
therefore probable that the nature of both the resinic and humus types 
of organic sulphur compounds in coal is very complex. 


TABLE 21 
ANALYSES OF DirrERENT Forms oF SULPHUR IN COALS AND COMPARISON 
witH TotaL SULPHUR 
(Values given in per cent) 


Sample Number 4 5 6 ¥ 8 

Bee A DUE Met ctcetretura ane orate) «fas ortla due ban Sie overs 0.34 0.16 0.77 0.50 0.10 
EPS LS UEMS TTT LACE 0 Se cor AS eh 0.05 0.25 1.31 0.31 0.01 
RU PRUS ES COSY YARED a en neater eect ole [oh einudietei 6d Si erele nee Sra, 0.85 0.31 2.06 1.36 0.29 
Humus Sulphur............ cf AP cls at eRe carne 0.87 0.51 0.70 0.95 0.45 

PU UMMn weasel Meet OES Ae ost dite s </tevoeaeie 2.11 1.23 4.84 3.12 0.85 
motels. By Nay Op fusion oi)... oeew ie ected oats ss 2.14 1.20 5.00 3.31 1.02 
Difference between totals...........s.ee ces eenes 0.03 0.03 0.16 0.19 0.17 
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III]. CHANGES IN THE ForMS OF SULPHUR IN COAL 


11. The Effect of Standing upon the Forms of Sulphur in Coal.—A 
noticeable feature in the present investigation was the rapid change 
of certain sulphur forms to sulphate. An extreme example was given 
in the coal known as No. 6 which had a sulphur content of 5 per cent. 
After the coal stood in a tightly stoppered Erlenmeyer flask for two 
years, the amount of sulphate sulphur had increased from less than 
0.01 per cent to 1.31 per cent. Since the percentage of soluble iron 
had also greatly increased, it would seem that the pyrites oxidized in 
some manner. The following experiments were performed to establish 
this as a fact. 


12. The Oxidation of Sulphur in Coal.—Some investigation was 
made to determine the most favorable conditions under which coal sul-_ 
phur oxidation might occur. Five grams of coal No. 1 were placed in the 
bottom of an Erlenmeyer flask. A tube leading nearly to the bottom 
of the flask was connected to a U tube filled with thoroughly moistened 
glass wool. A slow current of air was passed through the U tube and 
thence into the flask, so that the finely powdered coal was at all times 
exposed to fresh moist.air. The flask containing the coal was kept for 
eighteen hours in an electric oven which was regulated to maintain a 
constant temperature of 60 degrees. In order to compare the effect 
of moist and dry air another experiment was performed in which the 
U tube was filled with calcium chloride instead of the moist glass wool. 
The results obtained are given in Table 22. 


TABLE 22 
OXIDATION OF SULPHUR IN Coat By Moist AnD Dry Arr! 


Moist Air | Dry Air 
Per Cent | Per Cent 


Total sulphur in COal’¥..<..50'n cy sie earner Wa ere vororafartieTatadibent a etueahe Bias tare ane 2.68 


Sulphate sulphur in Goal coco ay sc ere.c dealers tease atten ner ee 0.045 
Sulphate sulphur in coal after oxidation by moist air..................00-- 0.207 
Sulphur oxidized: by moist. airs ci, cic aa. pee oe ee te eee eae 0.162 
Sulphate sulphur in coal after oxidation by dry air................0ese eee 0.173 
Sulphur oxidized bydry. ain .2:c.ii. {ogists Oe ono See ee 0.128 


1It is to be noted that the moist air caused a slightly larger amount of sulphate sulphur to be 
formed than did the dry air. 
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These results showed that a comparatively small portion of the coal 
sulphur was oxidized under the most favorable conditions of air supply, 
temperature, and fineness of coal. The only condition unfavorable to a 
very large amount of oxidation, on the other hand, was the short time 
of exposure. It seemed then that the oxidation of the sulphur depended 
upon the time of exposure of the coal or that some factor besides simple 
chemical oxidation entered into the change. 

The experiment just described tends to show that the oxidation of 


- the coal sulphur was not a simple reaction in which an excess of air would 


cause a proportionally greater change than that which would occur in 
a closed flask. This condition might be explained on the basis that 
certain anaerobic bacteria in the coal were causing the gradual oxidation 
of the coal sulphur in the absence of a free access of air. An attempt 
was made to determine the nature of the sulphur oxidation process by 
means of the following experiment. 

Coal No. 7 was chosen since it was a comparatively fresh coal with a 
low sulphate content and a high percentage of pyrites. If bacteria 
were the cause of the change, they would be found in the largest quan- 


‘tity in a coal where a very decided sulphur oxidation had occurred. 


Coal No. 6 fulfilled this condition; so it was chosen as the inoculating 
agent. Four small flasks were fitted with rubber stoppers covered 
with tin foil, from which were suspended glass hooks to support some 
wet cotton so that the interior of the flasks would be continuously 
moist. In two of these flasks there were placed 5 grams of coal No. 7, 
finely powdered, in the other two 4 grams of coal No. 7. All four 
flasks were thoroughly sterilized in a steam autoclave. 

After sterilization, one gram of coal No. 6 was added to each of the 
two 4-gram flasks. There were now two flasks containing sterile coal 
and two others containing sterile coal mixed with a smaller quantity 


of old heavily oxidized coal. The set of flasks was kept at a constant 
_ temperature of 37 degrees, and the contents were analyzed later for the 


hydrochloric-acid-soluble sulphur and iron. In order to find the 
increase in the sulphur of coal No. 6, two flasks containing one gram 
each were used as controls for the others. Analyses of the flask con- 
tents were made nineteen days after they were placed in the incubator 
room and another set of analyses was made eighty-eight days later. 
From these data the increase in soluble sulphur and iron in all flasks 


was calculated. Since the sterile flask contained five grams of coal, 
this increase was multiplied by four-fifths to maintain a basis of four 


grams. The increase in the control flask was then added. If the proc- 
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. 


ess were a simple chemical reaction, the result would be equal to the 
increase in the sterile flask, since this one was made up of four grams of 
sterile coal and one gram of coal No. 6. If, however, the action of 
bacteria entered into the change, a larger increase of soluble sulphur 
and iron would be expected in the flask where the sterile and the inocu- 
lated coals were in contact than would be found by adding the increases 
of the two separated flasks. Table 23 gives the results obtained. 


TABLE 23 
RELATIVE OXIDATION OF PYRITES IN STERILE AND INOCULATED COALS 
Coas 19 Days 88 Days 
Increase of soluble sulphur in 4 g. sterile coal No. 7................... 11.88 mg. 14.00 mg. 
Increase of soluble sulphur in 1 g. coal No. 6.........--.+----++-+-ees 4.40 mg. 9.40 mg. 
Calculated increase of sum of two preceding items.................... 16.28 mg. 23.40 mg. 
Actual increase of soluble sulphur by analysis.................-...005 16.40 mg. 34.70 mg. 
Increase of soluble iron in 4 @: sterile coaluNoc’ cu waaacmat nie eens 14.05 mg. 15.00 mg. 
Increase of soluble iron in 1 g: coal No! G4... 50.056 asavn cna ceeen 5.55 mg. 10.40 mg. 
Calculated increase of sum of two preceding items.................... 19.60 mg. 25.40 mg. 
Actual increase of soluble iron by analysis..............+eeceeeeceees 19.70 mg. 38.00 mg. 


At the end of nineteen days there was apparently nothing unusual 
in the relative oxidation of sulphur in the sterile and in the inoculated 
coal. At the end of eighty-eight days, however, the inoculated coal 
showed a decidedly greater increase than did the sterile coal, the only 
explanation for this being some bacteriological action or perhaps 
catalysis. Another interesting point to be noted is that the soluble iron 
shows a greater increase than the soluble sulphur in every case whether 
the coal is sterile or not. If only pyrites were being oxidized, there 
would be one and one-seventh times as much sulphur as there was iron, 
and if other sulphur forms were oxidized the ratio would be still larger. 
In actual practice, however, the opposite is true. The best explanation 
for this discrepancy would be that some of the sulphate formed was taken 
up by the organic matter of the coal. 


13. Changes in the Forms of Sulphur Effected by Coking.*~—When 
coal is subjected to destructive distillation in the absence of air, the 
sulphur divides between the residue and the volatile matter. The 
ratio between the residual sulphur and the volatile sulphur varies: 
between rather wide limits but is fairly constant for the same coal. 
The factors in the coal which control this ratio have not been deter- 


*See Appendix III for a historical account of similar experiments. 
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mined except in a general manner. Certain coal constituents, entirely 
separate from the sulphur containing compounds, may have an effect 
on the percentage of sulphur retained in the coke, but in all probability 
the decisive factor in determining this percentage is the relative amount 
of the different sulphur forms present. Since the first part of this 
investigation furnished a good means for determining these sulphur 
forms, their effect on the proportion of residual sulphur in coking was 
studied. The types of sulphur compounds formed in the coke were 
investigated. An attempt was made to determine the relation between 
the quantities of these types formed in the coke and the quantities of 
the different types of sulphur in the coal. Since the forms of sulphur 
in coke are entirely different from those in coal, this latter problem in- 
volved an entirely new method of procedure. 

To determine the amount of residual sulphur, a one-gram sample of 
the coal to be tested was coked in a small nickel crucible and heated 
for three and one-half minutes at the full heat of the Bunsen burner 
and then for another three and one-half minutes with a blast lamp. A 
tight-fitting nickel cover prevented oxidation of the coal. The coke 
was carefully removed and pulverized; then it was fused with sodium 
peroxide in the same manner as the coal had been in another part of this 
investigation. After the fusion had been dissolved in water, the sulphur 
was determined by means of the barium sulphate precipitation. Some 
of the coals used in this work were the original samples, while other 
experiments were made with samples which had previously been ex- 
tracted with dilute hydrochloric acid to remove all the sulphur in the 
form of sulphate. Due allowance is made in Table 24 for this removal 
of the sulphate form in the amount of total sulphur. 


TABLE 24 


Forms or SutpHur IN Coat AND ResipuAL SULPHUR REMAINING AFTER COKING 
(Values given in per cent) 


Sample NUMBER 5a 6a Mie Ja 10 10a 
DISMAL BT DUT si oon 0! sere, a wear 1.08 4.00 S.aL 3.0 0.95 0.93 
Sulphate sulphur........... 0.00 0.00 0.31 0.00 0.02 0.00 
Pyrite sulphur .o. 506.0000 608 0.31 2.06 1.30 1.30 0.10 0.10 
Resinic sulphur............. 0.16 Onea 0.50 0.50 0.13 0.13 
MUS sulphur. 0... 0). 0-5 0.61 itheo te 1.20 1.20 0.70 0.70 

_ Residual sulphur........... 0.34 1.46 1.37 if 0.45 0.3 


The coals designated by a numeral and the letter “a” are those 
which were extracted with dilute hydrochloric acid before coking. It 
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is interesting to note the difference between the amounts of residual 
sulphur in these coals as compared with the amounts in the correspond- 
ing coals which had not been extracted. In coal No. 7 this difference 
corresponds almost to the sulphur which had been removed by the 
dilute hydrochloric acid. In coal No. 10, however, the difference is 
somewhat greater than that of the sulphate sulphur. A reasonable 
explanation for this difference would be that coal No. 10 contained 
calcite, which on heating changes to calcium oxide and on uniting with 
some of the hydrogen sulphide would ordinarily volatilize. In the coal 
previously extracted with acid, however, the calcite was removed; 
consequently the residual sulphur was less than that in the coal extracted 
with acid. Cursory study of the table will show the falsity of the theory . 
that all the organic and one-half the inorganic sulphur are volatilized 
during coking. In order to determine in some degree the proportion 
of the various sulphur forms left in the coke, the following calculations 
were performed. Coals Nos. 6a, 7a, and 10a were chosen since these 
contained less of the sulphate form to complicate the calculations and 
since they would be free of calcite which might enter into a secondary 
reaction with some of the volatile sulphur as previously explained. 
There would then be three unknown quantities of residual sulphur to 
add to the total residual sulphur which was known. Then 

Let X=fraction of pyritic sulphur left in coke 

Y =fraction of resinic sulphur left in coke 
Z=fraction of humus sulphur left in coke 

For coal No. 10a, .1X plus .13Y plus .7Z=.38 

For coal No. 6a, 2.06X plus .77Y plus 1.17Z=1.46 

For coal No. 7a, 1.30X plus .5Y plus 1.20Z=1.09 

Solving these equations simultaneously, the results are as follows: 


Pyritic sulphur left in coke, 16 per cent 
Resinic sulphur left in coke, 95 per cent 
Humus sulphur left in coke, 34 per cent 


These figures doubtless would not hold for every coal since other 
factors enter into the retention of the sulphur in the coke. They are 
interesting, however, inasmuch as they show that a large amount of — 
the organic sulphur is retained. 

The retention of so much organic sulphur led to some experiments — 
on the nature of the sulphur compounds in the coke. Although Brad- 
bury* had believed the large portion of the coke sulphur to be organic 


*See page 62, 
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in nature, it was difficult to conceive any organic compound withstand- 
ing the high temperature of the coking process. A more reasonable 
explanation would be that secondary reactions caused the organic 
sulphur to change into some very stable inorganic form. 

A method similar to that used by Bradbury was used to determine 
the nature of these sulphur compounds. The finely powdered coke 
was placed in a small flask which was arranged so that hydrogen could 
bubble through a liquid in the bottom and pass out the top into an 
absorption tower containing a moderately strong sodium peroxide 
solution. The coke from one gram of the original coal was used and 
over this about 40 cc. of dilute hydrochloric acid (one part HCl, sp. gr. 
1.19, to one part water) were poured. A slow stream of hydrogen was 
then conducted through the apparatus for about one hour, and finally 
the solution in the flask was brought to boiling to insure the removal 
of the hydrogen sulphide. 

By this method any sulphate sulphur in the coke would go into 
solution and the sulphide sulphur would be carried over in the stream 
of hydrogen as hydrogen sulphide which would be oxidized to sodium 
sulphate in the sodium peroxide tower. By barium sulphate precipi- 
tation both the sulphate and sulphide forms of sulphur in the coke 
could accordingly be determined. The residue of this extraction was 
then treated with concentrated nitric acid for two hours in order to 
extract any pyrites which might remain. The results of this experi- 
ment on coal No. 7 and a comparison of the forms of sulphur in 
coke with the forms of sulphur in the original coal are given in Table 
25. The percentages of sulphur and iron in the coke are estimated 


TABLE 25 


Forms or SULPHUR IN Coke COMPARED WITH ORIGINAL COAL 
(Values given in per cent) 


Coal No. 7 | Coke from 
Coal No. 7 


SNe SN PAPREENA ATM Yh Palle ot fete at aisha oes, cor eral on eegaoate alte! aiabsyer™=) oh 6.06) 5 wrsvoreva-s ons 3.31 1.37 
SREP VOUT AME eal eet olaleie ae ope chlinie ists ta nlea la crete la siphelsie: a mien ove eso # als 0.31 0.00 
POMS itcd OTSUN ERAT IIS! conte ty oy deen tg vols) «as 8S a miele tia aitle! ana eco wisverwieipie sins 0.00 0.30 
nOMIECa te Matias EAL Ee Pete Peers ae tia e: ota Cilla hiss ciexerdie: rele Rsevera Sols 9 vas 1.30 0.00 
OSE CU TALS ERAS Alpe castes eon genre cick AG One are ee a ea renee 0.50 0.00 
RNR ETONISS SSUSAESENUINT Sh CTE a, oor win Fis oie aN eT OO Bia i acd1gsd gb wie Saree ews 1.20 0.00 
Ue Neat RUITTIE hte Mica, Se aie cae wie ne Ce oreoudls $6 + euwle ote Gales éelewne 0.00 1.07 
SERCHAL IEDM Got cob tei dette cles Cai she Shao e oe ais et ole es FOO DE Bc ORs 1.87 1.87 
a SESE ie acy Bion OP ECS BEES ge CUI GINS Uie ens Shieh ioe ea ee 0.41 1.04 
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on the basis of the weight of the original coal used, so that a direct 
comparison may be made with the coal. 

The results show that the structure of the larger part of the sulphur 
in the coke is as yet undetermined. ‘The concentrated nitric acid treat- 
ment removed only 0.07 per cent, so that the compounds in which sul- 
phur is present must be very stable. The possibility of a carbon- 
silicon-sulphur compound presented itself, but all such compounds in 
the literature decompose in the presence of water or of hydrofluoric acid, 
releasing hydrogen sulphide. No hydrogen sulphide could be detected 
even when the finely powdered residue of this extraction was boiled 
with hydrofluoric acid. It therefore seems not to be an iron-sulphur 
compound, nor is it a silicon-sulphur compound. According to present 
data it seems to be a carbon-sulphur compound, the nature of which 
is as yet undetermined. 

After the finely powdered coke had been boiled with dilute hydro- 
chloric acid to release the sulphide sulphur as hydrogen sulphide, a 
quantity of fine aluminum turnings and some more dilute hydrochloric 
acid were added to the residue and the mixture again heated. Under 
these conditions a large amount of hydrogen sulphide was removed. 
This action of nascent hydrogen on the coke would also indicate the 
organic or carbon-sulphur character of this portion of the coke sulphur. 

There are other indications of the theory that certain carbon com- 
pounds persist through the high temperature condition to which coal 
is subjected in the coking process. The treatment of red coke with 
water vapor, for example, releases a large amount of nitrogen as NH; 
which was held in some chemical combination with the carbon. In 
addition to ammonia, hydrogen sulphide is released from the coke by 
the same treatment. During the coking process, hydrogen com- 
pounds persist as high as and beyond a temperature of 1000 degrees 
Centigrade. These well known facts show that nitrogen, sulphur, and 
hydrogen may remain in organic combination at very high temperatures. 

It has been previously stated that the coal material extracted by 
phenol consists entirely of organic matter of a resinic nature. In order 
to investigate the sulphur distribution during coking in this type of 
material, one gram of the extracted substance from coal No. 7 was 
coked under standard conditions. It was found that 50 per cent of this 
form of organic sulphur was retained in the coke; thus definite proof 


was obtained that a portion of the coke sulphur was organic in character _ 
‘ 


and source. 


Some of the indicated changes shown in Table 25 are worthy of | 
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comment. The sulphate sulphur disappears entirely because of the 
reducing influence of the red hot carbon, but it does not change to the 
sulphide form, as will be shown later. It probably goes over to the 
unknown form of sulphur, since the residual sulphur is higher if the 
sulphate is not extracted with hydrochloric acid before coking. The 
source of the sulphide sulphur will be explained later. The pyritic 
sulphur is entirely decomposed during the coking process. 

Both organic forms of sulphur in the coal change from their original 
form, as shown by the fact that phenol has no effect on the coke and 
that ammonia will not dissolve the nitric acid residue, these being 
characteristic properties of the two sulphur forms in the coal. 

Some of the changes in the forms of iron during the coking process 
indicate that they are important changes. The acid soluble iron 
increases greatly. This change would be expected if all the pyrites 
decomposed. The decomposition of the pyrites also leads to a decided 
increase in the content of iron silicate. 

The source of the sulphide sulphur in the coke was investigated. 
Four one-gram samples of coal No. 7 were extracted with dilute hydro- 
chloric acid and two of these were further extracted with phenol. The 
residues were coked and the sulphide sulphur was determined as in the 
previous experiment. The original coal, as given in Table 25, yielded 
0.30 per cent sulphide sulphur in the coke. After hydrochloric acid 
extraction of the coal, the coke still contained 0.31 per cent, and even 
after further extraction with phenol 0.27 per cent sulphide sulphur. 
These results indicate that the origin of the sulphide sulphur of the coke 
was not in the sulphate or resinic sulphur. In all probability the origin 
is in the iron pyrites. 
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IV. StuMMARIZED STATEMENT OF ANALYTICAL METHODS 


To determine the kinds of sulphur in coal, methods were developed 
for the quantitative analysis of each form of sulphur. The methods, 
for greater convenience, are brought together as follows: 


(1) The sulphate sulphur is determined by extraction of the coal 
with dilute hydrochloric acid. For this purpose 5 grams of the coal 
ground to 100 mesh is extracted with 300 cc. of 3 per cent hydrochloric 
acid for 40 hours. The extraction is carried out in a beaker placed 
on a steam bath with a temperature of 60 degrees Centigrade main- 
tained. After the extraction is filtered, the sulphate sulphur may be 
precipitated from the filtrate by means of barium chloride. 


(2) The pyritic sulphur is determined by extraction of the coal 
with dilute nitric acid, after a preliminary extraction with dilute hydro- 
chlorie acid to remove the sulphate form. If the sulphate content is 
low, the nitric acid extraction may be performed on the original coal, 
allowance being made for the sulphate form by subtraction. For this’ 
purpose it is best to use one gram of the finely powdered coal covered 
with 80 cc. of dilute nitric acid (one part nitric acid, sp. gr. 1.42, to 
three parts water; sp. gr. of the mixture is 1.12). The mixture is 
allowed to stand at room temperature for at least four days. It is 
then filtered, the nitric acid driven off by evaporation to dryness and 
the residue taken up in some water and hydrochloric acid. In addition 
to determining the sulphur in this solution, the iron may also be esti- 
mated since the iron-sulphur ratio will serve as a check on the selective 
solution of pyrites. 


(3) The resinic sulphur is determined by extraction of the coal 
with phenol. One-half gram of the finely powdered coal is placed in a 
flask fitted with an air condenser. Twenty-five cubic centimeters of 
phenol are poured over the coal and the extraction is carried out for 
20 hours at a temperature of 140 degrees Centigrade. The best means 
for maintaining this temperature is a regulated electric oven. The 
contents of the flask are then filtered through a Gooch crucible, and 
rinsed with alcohol and ether. The residue in the crucible is mixed 
with sodium peroxide and fused. The sulphur determination on this 
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residue gives that portion of the sulphur not extracted by the phenol, 
and by subtracting this amount from the total sulphur, the resinic 
sulphur is determined. 


(4) The humus sulphur is determined by the difference between 
the sum of the other three forms and the total sulphur in the coal. A 
direct determination may be made by extraction of the coal with ammo- 
nium hydroxide, after a preliminary treatment with concentrated nitric 
acid. This method is applicable only to the softer coals, the structures 
of which are fundamentally changed by the nitric acid treatment. 
For this method, one gram of the finely powdered coal is treated with 
15 ec. of concentrated nitric acid for a short time (about one-half hour). 
This mixture is then diluted, filtered, and washed. The filter paper 
which contains the residue is put into 25 ec. of concentrated ammonia 
(sp. gr. 0.90), and allowed to stand for several hours when it is then 
diluted and filtered through a large fluted filter. The filtrate is evap- 
orated to dryness and the dry residue gathered and fused with sodium 
peroxide. The sulphur in this-fusion represents the humus sulphur. 
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APPENDIX I 


Tue CONSTITUTION OF COAL 


The changes in the process of coal formation indicate the composition 
of coal, but no definite conclusions may be drawn since the chemical 
changes involved vary under different conditions and are obscure in 
all cases. 

It is conceded by practically every one that coal had its origin in 
rast beds of vegetable matter, supplemented in most cases by animal 
remains. Several reasons may be advanced as proof of the vegetable 
origin of coal, the most important of which is the frequent occurrence 
of plant outlines on coal surfaces. Morphological proofs of the presence 
of animal residues are, however, not so plentiful, but outlines of the 
skeletons of fishes are often found, and they indicate the presence of 
water during the early stages of coal formation. Another good indica- 
tion of animal remains in the coal is found by a comparison of its nitrogen 
content with that of pure vegetable fossils found in the same general 
locality. In such cases the coal contains several times as much nitro- 
gen as the vegetable remains, this fact undoubtedly showing the presence 
of animal matter in the coal.* 

The beds of vegetable matter have accumulated during long periods 
of time and complete oxidation of the organic matter is prevented by 
compact layers of earthy material. The chemical composition of the 
original plant materia! was similar to that of cellulose, with varying 
amounts of mineral matter and a large amount of water present. This 
vegetable sphagnum becomes peat by a process of slow decay. The 
chemical changes in this transformation are typical of a kind of bac- 
terial cellulose decomposition, the products of which are the so-called 
humus substances, such as humic, ulmic, crenic, and apocrenic acids. 
None of these products is a definite chemical compound since each prod- 
uct represents merely a type of substance. As peat is acidic in char- 
acter, nearly all of it will dissolve in an alkaline solution. Underground 
waters carry lime and iron salts in solution to the peat and cause the 
formation of insoluble calcium and iron salts of the acids. Although 
calcium and iron are found in the ash of peat, the calcium rarely exists 
as the carbonate, as might be expected.t| The change from vegetable 


*Clarke, FP. W., “The Data of Geochemistry,” p. 654, 1908. 
tBerichte der Deutschen Chemischen Gesellschaft, Vol. 15, p. 2961, 1882. 
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matter to peat is accompanied by loss of both water and oxygen, so 
that the net result is a gain in the carbon content and a loss of both 
hydrogen and oxygen. Each step in the process of change from peat 
to anthracite coal involves, moreover, the same result—a continuous 
increase in the percentage of carbon, a decrease in the percentage of 
hydrogen and a decrease of oxygen until nearly all the oxygen has 
disappeared. 

Lignites form the connecting link between the distinctly vegetable 
peat and the rock-like bituminous coal. These are soft deposits and 
generally light brown. They contain organic sulphur as well as pyrites 
or marcasite and sulphates such as gypsum.* 

The changes from lignites to bituminous coal and then to anthracite 
coal give no suggestion of the chemical composition of coal, except 
perhaps its tendency to approach a hydrocarbon. The earlier chemical 
changes are, according to White,} largely bio-chemical, while the later 
changes are more distinctly dynamo-chemical. 

Nearly all the foregoing discussion refers to the carbon, hydrogen, 
and oxygen in the coal. ‘The methods of formation of the nitrogen and 
sulphur compounds depend upon the combination of these elements 
in the coal. <A large part of the nitrogen of the coal comes from the 
remains of animals, and since the remainder comes from the plant, 
substance, it must exist as organic amino nitrogen, unless there have 
been nitrifying bacteria present which cause oxidation. 

The sulphur of the coal may come from two entirely different 
sources. The original plant and animal substances from which the 
coal was formed undoubtedly contained organic sulphur. Whether 
this organic sulphur changes during the coal making process is not 
known, but there is evidence that it may furnish the sulphur for the 
pyrites and marcasite of the coal. Since iron and calcium are preci- 
pitated from ground waters by the humus acids of the peat as it under- 
goes change, hydrogen sulphide waters percolating through the coal sub- 
stance would change the iron to the sulphide and thence to pyrites or 
marcasite. If sulphur is found in the form of sulphate in fresh coal, 
it is found only in small percentages. 

Where aerated water has the chance to come in contact with pyrites, 
however, a very slow oxidation occurs. Winchell} states that he made 
tests with aerated water acting on pyrites. At the end of one month, 


*Dana, James D., “The System of Mineralogy,"' 6th ed,, p. 1010, 1895, 
tEconomie Geology, Vol. 3, p. 203, 1908. 
tEconomic Geology, Vol. 2, p. 290, 1907, 
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he found that neither iron nor sulphur had gone into solution. At 
the end of ten months, 0.2 g. of pyrites had been oxidized and there 
were in the solution 27.7 mg. of ferric sulphate and 5.7 mg. of sulphuric 
acid per liter with traces of ferrous salts and sulphur dioxide. These 
tests show that it is possible for comparatively large quantities of sul- 
phate to be formed in the coal, provided the flow of the aerated water 
does not leach out the compounds so fast as they are formed. Any 
sulphate formed would have the tendency to change to calcium 
sulphate or another sulphate not so soluble as the ferric salt. 

It has also been found, according to Stokes,* that alkaline waters 
decompose pyrites and marcasite to ferric oxide. The sulphur decom- 
poses in the form of alkali sulphides and thio-sulphates. It is stated 
that oxygen is not necessary for this action to occur. These examples 
suggest that pyrites may undergo secondary changes while in the 
underground coal. 

There is a third source possible for the sulphur in coal besides the 
original vegetable matter and percolating waters. While the coal is 
still in the process of formation, it is very likely to be mixed mechani- 
cally with detritus, which may account for not only a large part of the 
ash of coal but also for some of the inorganic sulphur.t 

A general method used to determine the constitution of coal is that 
of destructive distillation. This method has been studied more thor- 
oughly than the others because of the commercial importance of coking 
processes and gas manufacture; yet it is the poorest from the standpoint 
of determining the real nature of the coal substance. It is now a well 
proved fact that all the products of distillation of coal do not come from 
the coal by simple distillation, but that every one of them is the result 
of the decomposition of more complex compounds. A discussion of 
the destructive distillation must be limited to only those facts which 
tend to show the nature of the coal substance. 

The products resulting from the destructive distillation of coal 
consist of gaseous, liquid, and solid condensate and a residue which 
is largely carbon mixed with the ash of the coal. Among the volatile 
products are ammonia, carbon dioxide, hydrogen sulphide, hydrogen, 
methane, carbon monoxide, nitrogen, acetylene, ethylene, other hydro- 
carbons, pyridin, phenol, benzene, toluene, xylene, naphthalene, 
anthracene, phenanthrene, cresol, and a great variety of other aromatic 
compounds. Because of the predominant presence of ring hydro-- 


*Economic Geology, Vol. 2, p. 14, 1907. 
tHinrichsen, F. W., and Taczak, 8., ‘‘Die Chemie der Kohle,” p. 124, 1916. 
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carbons and their derivatives, it has been supposed that the original 
coal consisted of ring-like compounds. 

R. Meyer* has an interesting theory concerning coal structure. He 
believes the main part of the coal to be composed of compounds which 
are merely polymers of acetylene and which change very readily into 
acetylene on heating. The nitrogen exists in such a form that it will 
come out as ammonia or hydrocyanic acid. When the coal is being 
distilled, these primary decomposition products unite in various com- 
binations to give the ordinary distillation products. Meyer performed 
some experiments to substantiate this theory. By passing acetylene, 
mixed sometimes with ammonia or hydrocyanic acid, through a heated 
tube, he obtained a variety of products, among which were benzene, 
toluene, diphenyl, styrol, inden, napthalene, anthracene, phenanthrene, 
pyrene, fluorene, acenaphten, chrysene, hexylene, pyridin, anilin, 
sarbazol, and benzonitrile. All these products, with the exception of 
the hexylene, have been separated from coal tar. His theory of coal 
composition is undoubtedly at least partially correct, but whether it 
applies to all the organic compounds of the coal is doubtful from such © 
svidence. 

The largest part of the sulphur of coal comes off on distillation as 
aydrogen sulphide, but there are also thiophen compounds in the tarry 
listillate. The presence of hydrogen sulphide indicates not only the 
sulphur lost by the pyrites on heating, but may show the presence in 
the coal of complex organic sulphur compounds of a protein nature. 
From Meyer’s theory the thiophen ring compounds could be formed by 
4 secondary reaction between acetylene and hydrogen sulphide; there- 
ore the presence of thiophen or its derivatives could hardly be con- 
sidered as proof of the existence in the coal of cyclic organic sulphur 
-ompounds. 

Another method for determining the composition of coal is by means 
yf selective solvents. This is by far the best of the three methods. 
Any constituent obtained will be in the condition in which it existed 
n the coal or because of the simplicity of the extraction the original 
substance may be easily deduced. This method of analyzing the coal 
structure is increasing in use.t 

The solubility of the humus acids of peat in alkalies has been previ- 
yusly mentioned. F.G. Kaufmannf has regarded peat as a mixture of 


*Berichte der Deutschen Chemischen Gesellschaft, Vol. 45, p. 1609; Vol. 46, p. 3183, 1913. 
¢Journal of the Society of Chemical Industry, Vol. 36, p. 176, 1917. 
tVerhandlungen der Kaiserfich-K6éniglichen Geologischen Reichsanstalt, Vol. 15, p. 283, 1885, 
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two substances, dopplerite, the portion soluble in caustic alkali solu- 
tions* and another substance consisting of partly decomposed vegetable 
matter. 

By the solvent method, peat has also been found to contain resinous 
substances as high as 3.26 per cent of the content of the peat. The 
resins are extracted by using hot ether or alcohol as solvents.t 

Resinoids and fossil hydrocarbons are abundant in lignites. The 
fossil hydrocarbons are generally visible as definite masses. The 
resinoids are very often disseminated throughout the coal; conse- 
quently solvents must be used as extraction agents. Benzene and 
other organic solvents will extract the resins, which have been found 
to be indefinite in composition. Watson Smitht states that he obtained 
9.5 per cent of extractive matter by the action of benzene on a Japanese 
lignite. 

Humus compounds are present in lignites, but not to so great an 
extent as in peat; hence xyloid lignite is found to dissolve in caustic 
alkali to an extent somewhat less than peat, and very little solvent 
action can be obtained with the more compact lignites.{{ Bituminous 
and anthracite coals are not dissolved at all by alkaline solutions; so 
there must be a gradual destruction of the humus compounds during 
the coal evolution process. At times humus bodies are found in large 
percentages. Among the “paper coals” of Russia are found deposits 
of humic matter soluble in ammonia. § In Bohemian brown coal von 
John found a humus acid, with the approximate formula C45 H45 O2s, 
soluble in ammonia or sodium carbonate.** A fossil humus from a 
Tertiary deposit near Cassel, Germany, furnishes the pigment known 
as Cassel brown. 

Fremytj states that lignites are soluble in alkaline hypochlorites, 
while the older coals are not. Nitric acid attacks lignites very vigor- 
ously, and causes the formation of a yellow resinous body which will 
dissolve in an excess of the nitric acid or in an alkaline solution. This _ 
property of the lignites is very important from the standpoint of coal | 


*Dana, James D., “The System of Mineralogy,’ 6th ed., p. 1014, 1895; Claessen, C., ‘‘ Ueber 
Dopplerit,’’ Chemiker-Zeitung, Vol. 22, p. 523, 1898; Alexejew, W., ‘‘ Ueber Elaterit und Dopplerit,’’ 
Zeitschrift fiir Krystallographie und Mineralogie, Vol. 20, p. 187, 1892. 

tJacobsen, Oscar, Annalen der Chemie und Pharmacie, Vol. 157, p. 240, 1871; Mulder, idem, 
Vol. 32, p. 305, 1839. 

tJournal of the Society of Chemical Industry, Vol. 10, p. 975, 1891. 

{Fremy, Comptes Rendus de I’ Académie des Sciences, Vol. 52, p. 114, 1861. 

§Zeiller, M. R., ‘‘ Note sur la compression de quelques combustibles fossiles,’’ Bulletin de la Société 
Gedlogique de France, Vol. 12, series 3, p. 680, 1884. 

**Verhandlungen der Kaiserlich-K6éniglichen Geologischen Reichsanstalt, p. 64, 1891. 

+tComptes Rendus de l|’Académie des Sciences, Vol. 52, p. 114, 1861. 
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constitution and has been used with marked success in the present 
research to determine several unknowns. This treatment of coal with 
nitric acid cannot be regarded as a simple solution method; yet it is 
included with this method because of the close analogy existing between 
the two. 

KE. Guignet* was the first investigator to study in much detail the 
action of nitric acid upon coal, and he concluded that the products 
formed were similar to the nitrocelluloses. This work was followed by 
that of R. J. Friswell,t who fails to acknowledge the previous work of 
Guignet on this subject but describes the phenomenon accurately, as 
follows: ; 

“Tf bituminous coal in fine powder be covered with rather more 
than double its weight of 49 per cent nitric acid, the mass rapidly be- 
comes warm, and dense red fumes are given off. If 90 g. of coal and 
200 cc. of the acid are taken, the action is extremely brisk, and the 
frothing so violent that a 2000 ce. flask is requisite to contain the mass. 
In about 30 minutes the action slackens, and heat being now applied, 
the action is kept going at such a rate that a brisk evolution of gas 
continues; the solution is gradually raised to the boiling point and there 
maintained, the total time occupied being about 6 hours. The whole 
is now diluted, poured into a filter, and well washed. The filtrate 
consists of dilute nitric acid, with salts of calcium, iron, etc., in solution. 
The black residue on the filter is apparently unchanged coal. When 
washed free from acid, the residue is introduced into a flask and boiled 
with a dilute solution of sodium carbonate: nearly the whole dissolves, 
carbonic anhydrids being briskly evolved. The resulting deep black- 
brown colored liquid filters with great difficulty, but by careful treatment 
with water in deep vessels the insoluble matter from the 90 g. of coal was 
found to be 12.5 g., consisting of coarse particles of coal, sand, etc.” 

He proceeds to say that with some coals practically all the organic 
matter of the coal could be taken into solution by nitric acid, particu- 
larly if the coal were very finely divided. If the filtered solution is 
acidified with hydrochloric acid, a “‘bulky, deep brown-black, flocculent 
precipitate” is formed, which is insoluble in water containing traces 
of mineral salts or acids but which is fairly soluble in boiling distilled 
water from which it separates again on cooling. 

This ‘‘coal acid,” as it is sometimes called, when dried at 100 degrees 
Centigrade forms shining black masses with conchoidal fracture. When 


' Idem, Vol. 88, p. 590, 1879. 
__ tProceedings of the Chemical Society, Vol. 8, p. 9, 1892. 
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heated on platinum foil, the substance swells into a brilliant black mass, 
resembling very much in this respect a nitro compound of high carbon 
ratio. To investigate this resemblance, Friswell attempted reduction 
by means of zinc dust and caustic soda and also by sodium amalgam 
and acid reducing mixtures, but in no case was there formed a nitro 
reduction product. Dry distillation with zinc dust drove off the 
nitrogen in the form of ammonia, pyridin, and cyanides. 

The coal acid seemed to be similar to the humus acids of peat, but 
it is different in several respects. In the first place the coal acid is not 
hygroscopic as humus acids have been found to be. After the coal 
acid is dried, it may again be dissolved, but the humic acid will not 
dissolve. The coal acid, furthermore, does not yield acetic acid on 
dry distillation. Some of the humus acids yield ammonia when boiled 
with alkalies, differing in this respect from coal acid as might be expected 
from evidence that it is a nitro compound. 

This work was followed by that of Anderson and Roberts,* who 
investigated particularly the ultimate composition of the coal acid and 
its relationship to the type of coal. They found that the substance 
consisted of carbon, hydrogen, oxygen, nitrogen, and sulphur together 
with a small quantity of ash, mostly iron oxide. For the same type of 
coal they found the composition almost constant. After the coal was 
treated with nitric acid and then with ammonia, only a very slight 
residue remained. This residue was found to consist of 36 per cent 
mineral matter and occluded organic matter which was very similar 
to the coal acid and which would probably have gone into solution had 
it not been so intimately mixed with the other residual substances. 
They assert that the presence of sulphur in the coal acid is the first proof 
of the existence of organic sulphur in the coal. | 

In order to get some more data on the nature of the coal acid, 
Anderson and Roberts heated samples of Ell coal for four hours in a 
stream of carbon dioxide at 300-315 degrees Centigrade. At the end 
of this time the dry Ell coal was found to have lost about 9.5 per cont 
of its weight. The residue was treated in the usual manner to obtain 
the coal acid, and an ultimate analysis was then made. After the analy- 
sis of this substance was compared with that of the coal acid from the 
original coal, the two were found to be practically identical in ultimate 
composition; consequently the conclusion is drawn that the “nitrogenous 
molecule” of the coal is stable at that temperature. Other experiment 
and particularly portions of the present research show that this organi 


*Journal of the Society of Chemical Industry, Vol. 17, p. 1013, 1898. 
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component, comprising the larger part of the coal matter, is unusually 
stable, not only to heat, but to many strong chemical reagents. 

More work was done on coal solvents by a committee of the British 
Association,* but this work was incomplete. In addition to other 
solvents, the action of a mixture of hydrochloric acid and potassium 
chlorate was tried on coals. This oxidizing reagent seemed to differ 
in its mode of action from nitric acid in that the final product appeared 
to be a chlorinated substance. 

Considerable investigation has been undertaken by E. Donath on 
the reaction of nitric acid with coal.t He finds that dilute nitric acid 
will react vigorously with lignite, but has no action on bituminous coal. 
He concludes, therefore, that the one is not a transformation product 
of the other, but that they have entirely different origins. This cuon- 
clusion, although partially true, is probably too sweeping in character.t 

Franz Fisher in recent years has tested the action of ozone on coal. { 
He finds that after ozone has been allowed to act on finely powdered coal, 
the coal is in such a condition that as much as 92 per cent of it may be 
soluble in water. The substance appears to be acidic in character, 
and is probably intimately related to the product resulting from the 
action of nitric acid on coal. 

The solution methods so far given have been particularly of a destruc- 
tive nature to the coal substance. Other investigations have been 
made with simple solvents, which have presumably extracted the 
unchanged coal constituents. The first reference to work of this kind 
is in a report to the Commissioners of the 1851 Exhibition by Doctor 
Smythe of Gottingen. He tried the following solvents, given in the 
order of their extractive ability, on a brown Cologne coal, benzene, 
chloroform, alcohol, ethyl ether, petroleum ether, and acetone.§ 

- Reinsch** in 1885 tried the action of alkaline solutions on the raw 
coals. He believed coals to be composed of two characteristic sub- 
stances, which could be distinguished by this reaction. 

*Annual Report, British Association, 1894, p. 246; 1896, p. 340. 

+Chemiker-Zeitung, Vol. 29, p. 1027, 1905; Zeitschrift fiir anorganische Chemie, 1906, p. 557; 
‘Oesterreichische Zeitschrift fir Berg-und Hittenwesen, Vol. 51, p. 310, 1903; Chemiker-Zcitung, 
‘Vol. 28, pp. 180, 953, 1904. 

t{Clarke, F. W., ‘‘The Data of Geochemistry,’’ p. 653, 1908. 

{Berichte der Deutschen Chemischen Gesellschaft, Vol. 49, p. 1472, 1916; Engineering, Vol. 103, 
ip. 296, 1917. 

f §Bedson, P. Phillips, ‘‘ Notes on the Proximate Constituents of Coal,” Journal of the Society of 
hemical Industry, Vol. 27, p. 149, 1908. 


**Dingler’s Polytechnisches Journal, Vol. 256, p. 224, 1885; Journal of the Chemical Society, 
bstracts, Vol. 48, p. 876, 1885. 
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In 1901 Baker investigated the action of pyridin on coals.* He 
found that only a very small percentage of the anthracite coal was 
soluble, while in some cases as much as 20.4 per cent of bituminous 
coals went into solution. The solutions were brown colored and some- 
times fluorescent. No relationship could be obtained in the proportion 
of the elements in the coal, the residue, and the extract. Anderson 
and Henderson also did some work on the pyridin solution of coal.t 
This investigation was undertaken with three types of coal, Japan, 
Bengal, and Scotch, and the extracts from all seemed to be similar in 
properties and chemical constitution. 

A similar research was carried out by Donath on a German coal.t 
By treating a coal with pyridin, he obtained a brownish-red solution, 
which gave a flocculent brown precipitate on addition of water or petro- 
leum ether. 

Bedson in 1908 performed a number of experiments with the pyridin 
extraction of coal.{{ He found that gas coals yielding from 64 to 66 per 
cent of coke gave from 24 to 35 per cent of pyridin soluble material. 
Bedson thought that the pyridin soluble substances had some relation- 
ship to the volatile matter, but this supposition seemed to be disputed 
by the work of Dennstedt, Hassler, and Biinz,§ who found that coals 
yielding from 62 to 87 per cent of coke (on an ash free basis) gave a 
pyridin extract which had only from 0.6 to 18 per cent of soluble matter. — 
Wornast tried out the relationships on different gas coals.** A Loth- 
ringer gas coal yielding 50 per cent coke gave an extract of 12 per cent, 
while a Westphalian gas coal yielding 62 per cent coke gave 29 per cent. 
Rau concludes from results of this sort that in general more recent coals 
give a smaller extract than gas coals, that the maximum extract is 
reached at a coke yield of about 65 per cent, and that the amount of 
extract again decreases until anthracite coals give almost nothing. 

Lewes investigated the action of pyridin on coal, particularly with 
reference to its effect on the coking properties.}} He states that the 
coking power of a coal is mostly or entirely removed by the pyridin 


. 
. 


*Transactions, North of England Institute of Mining and Mechanical Engineers, Vol. 50, (2), 
p. 23, 1901; Journal of the Society of Chemical Industry, Vol. 20, p. 789, 1901. 
¢Journal of the Society of Chemical Industry, Vol. 21, p. 242, 1902. 
}Zeitschrift fiir angewandte Chemie, Vol. 19, p. 657, 1906. 
{Journal of the Society of Chemical Industry, Vol. 27, p. 147, 1908; Journal fiir Gasbeleuchtung, 
Vol. 51, p. 627, 1908. } 
§Zeitschrift fiir angewandte Chemie, Vol. 21, p. 1825, 1908. 
*Rau, O., ‘Ueber die Fortschritte in der Gewinnung der Nebenprodukte beim Kokereibetriebe,” 
Stahl und Eisen, Vol. 30, p. 1236, 1910. 
ttProgressive Age, Vol. 29, p. 1030, 1911. 
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extraction, and ascribes this fact to the removal of resinic bodies neces- 
sary to the coking of a coal. He explains the retention of the coking 
properties by some coals even after pyridin extraction by assuming 
the presence of a resinic body not soluble in the pyridin. Lewes, in 
addition to previous investigators, had noticed that some coals yielded 
a higher percentage of volatile matter after rather than before extrac- 
tion, and he believed that this phenomenon was due to the retention 
of some of the pyridin. His conclusions on the nature of the resinic 
bodies were that they were of two kinds, ‘‘the one easily oxidizable, 
soluble in pyridin and saponifiable by alkalies, and which on weathering 
is oxidized into a humus body with the evolution of water and carbon 
dioxide, and is responsible for the heating of coal in storage; the other 
class non-oxidizable, not saponified by alkalies, and forming with 
pyridin a compound insoluble in excess of the reagent, and this class 
may be the hydrocarbons from decomposed resins, as the residue in 
which they are present yields rich liquid hydrocarbons, as tar and 
pitch, but not rich in gas.” 

Wahl in 1912 investigated the action of certain coals toward pyridin.* 
He found the volatile matter in the coal higher than that of the residue 
after pyridin extraction. The coke produced from the residue was more 
compact than that of the original coal. 

In 1912, Frazer and Hoffman published the results of their researches 
on the action of phenol on coal.t Before deciding on the use of phenol 
as an extractive agent, they tried various other solvents, but they found 
that phenol, pyridin, and anilin gave the best results. A non-coking 
bituminous coal from Franklin County, Illinois, was selected for the 
investigation. A large quantity was finely ground and extracted with 
phenol at 140 degrees Centigrade for about 10 hours, and then the mix- 
ture was filtered. The extract was a dark red and was concentrated 
under diminished pressure to separate most of the phenol; then the 
remainder of the phenol was washed out by means of sodium hydroxide. 
The residue from the phenol extraction was not studied any further, 
but the phenol soluble material was treated with a 10 per cent sodium 
hydroxide solution. Both the soluble portions of this sodium hydroxide 
treatment were extracted with ether. In both cases, the ether insoluble 
compounds showed not only carbon, hydrogen, and oxygen, but also 
sulphur and nitrogen, while the ether soluble compounds showed only 
the first three. Each of the four mixtures was further separated by 


+Comptes Rendus de l’Académie des Sciences, Vol. 154, p. 1094, 1912. 
+‘‘ The Constituents of Coal Soluble in Phenol.”” U.S, Bureau of Mines, Technical Paper 5, 1912 
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means of other solvents and fractional distillation in certain cases, until 
about thirty different substances had been obtained and analyzed. 
Frazer and Hoffman assumed these substances to be the same as in the 
coal, and thought the evidence was fairly conclusive that these sub- 
stances nearly approached being pure compounds. 

In 19138, Pictet and Ramseyer extracted coal with benzene. The 
oil so obtained was fractionated by distillation and the different frac- 
tions studied. From this investigation, they believe coal to contain 
polymerized hydroaromatic hydrocarbons.* 

From their work on the phenol extraction of coal in 1913, Clark and 


Wheeler believed coal to be composed of two types of substances.f 


They called them the ‘‘hydrogen yielding” and the paraffin yielding, 
respectively. The distinction refers principally to the ease of decom- 
position, since it has been found that there is a large amount of hydrogen 
released between 750 and 800 degrees. They considered the pyridin 
insoluble substance to be a degradation product of cellulose. They 
were somewhat doubtful whether the pyridin extract consisted entirely 
of resinous material, but when the pyridin soluble substance was 
extracted with chloroform, nearly pure resinous material was dissolved. 
This work of Clark and Wheeler as well as that of Whitet and Jeffrey § 
has fairly definitely established the hypothesis of the two general types 
of bodies in coal, first the degradation products of cellulose, and secondly 
the resinic type of bodies. 

In conformity with this idea, Parr and Hadley studied the phenol 
extraction of coal, with particular reference to the properties of both 
the extract and the insoluble residue.§ The temperature in all these 
experiments was above 110 degrees Centigrade. The results of this 
work may briefly be summarized as follows. The amount of soluble 
material varied in different types of coal, for example, Vermilion 
County coals yielded from 35 to 40 per cent of soluble matter, Madison 
and Montgomery county coals from 30 to 35 per cent, and Williamson 
County coals only from 20 to 30 per cent. All these figures are on an 
ash and moisture free basis. The residue from the extraction would 
not coke; thus the coking constituent was shown to be in the phenol 
extract. Both residue and extracted material oxidized at room tem- 


*Archives des Sciences Physiques et Naturelles, Vol. 34, series 4, p. 234, 1912; Chemical Abstracts, 
Vol. 7, p. 1496, 1913. 

+Transactions, Journal of the Chemical Society, Vol. 103, p. 1704, 1913. 

{U. 8. Geological Survey, Professional Paper 85-E, 1914. 

{Proceedings of the American Academy of Arts and Sciences, Vol. 46, p. 273, 1910, 

§The Analysis of Coal with Phenol as a Solvent.’’ Univ. of Ill. Eng. Exp. Sta., Bul. 76, 1914. 
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perature and more rapidly at 100 degrees Centigrade. The extract 
contained more volatile matter than did the residue, although the ulti- 
mate composition was about the same in both cases, and the gases 
released have about the same composition. Some other facts con- 
cerning the oxidation of coal were established by this process. 

The method of extraction which Parr and Hadley used was con- 
tinuous in its action, that is, fresh solvent was at all times acting on the 
finely powdered coal. The coal was contained in an extraction thim- 
ble supported in a Kjeldahl flask, in the bottom of which was the 
boiling phenol. The vaporized phenol was condensed at the top of 
the flask by a boiling toluene condenser, so that the phenol would drop 
on the coal at a temperature of 110 degrees Centigrade or more. Car- 
bon dioxide was passed through the extraction flask to prevent oxidation 
by the air. 

Regarding the distribution of sulphur between the residue and 
extract, the following statement is made: 

“Tt is to be noted that the percentage of sulphur in the residue is 
high. This is to be accounted for by the fact that the residue contained 
practically all of the ash that was present in the coal. That there was 
some sulphur in the extract was taken to indicate that a part of the 
sulphur in the coal was present in the organic form.’’* 


*Parr, S. W., and Hadley, H. F., ‘‘The Analysis of Coal with Phenol as a Solvent.’’ Univ. of Il, 
Eng. Exp. Sta., Bul. 76, p. 27, 1914. 
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APPENDIX II 


THE DEVELOPMENT OF A METHOD FOR ANALYZING THE DIFFERENT 
Forms oF SULPHUR IN CoAL BY OTHER INVESTIGATORS 


Many methods have been devised for the determination of the total 
sulphur in coal, all of them depending on the use of an oxidizing reaction 
sufficiently strong to convert every form of sulphur in the coal into 
soluble sulphate. The practical importance of total sulphur determi- 
nations has long been recognized, because in the combustion of high 
sulphur coals large quantities of corrosive gases are released and because 
in coking processes a large percentage of the sulphur is retained in the 
coke. 

Any relationship, however, between the amount of total sulphur 
and the amount of sulphur in flue gases or coke has never been found, 
because the sulphur does not exist in only one form, but in several 
entirely different combinations. Any method for analyzing the separ- 
ate forms of sulphur in coal would help to solve these problems. Engi- 
neers are now realizing the importance of such a method, since data 
obtained from such analyses would give information necessary in 
deriving the correct heating value of the coal, the amount and character 
of corrosive gases, and the distribution of sulphur in coking, while a 
total sulphur analysis gives these data in only a very general manner.* 
Some method for obtaining these data would be of scientific value, since 
it would be one more step toward the determination of coal constitution. — 

W. A. Bradbury in 1878 indicated that sulphur exists in coal in- 
organic combination.t The first method proposed to determine this 
organic sulphur separately from the inorganic was that of T. M. Drown.} 
He treated the finely powdered coal with a sodium hydroxide solution 
of 1.25 sp. gr., which had previously been saturated with bromine. 
After this sodium hypobromite treatment, the solution was acidified 
with hydrochloric acid, and then, if necessary, the hypobromite treat- 
ment repeated on the residue. The solution was evaporated to get rid 
of silica, taken up in hydrochloric acid and water, and the sulphate 
precipitated. Drown claims that only the sulphur existing as pyrites 


*Martineau, Albert, “The Effect of Sulphur on the Value of Coal,’ Electrical World, Vol. 69 — 


p. 698, 1917. | 
. 


¢Chemical News, Vol. 38, p. 147, 1878. 
tIbid, Vol. 43, p. 89, 1881. 
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and sulphate are taken into solution by this method; therefore the 
organic sulphur is left in the residue. 

The same investigator also tried the effect of hydrochloric acid and 
potassium chlorate on the same coals. By this method, the coals having 
a small percentage of pyrites gave the same results as with the other 
method, but those containing much pyrites gave higher results. With 
the hypobromite method very good checks were obtained, but Drown 
could offer no proof that only the inorganic sulphur was dissolved. 

The next year Helm attacked the problem from the side of the 
organic sulphur constituents.* He tried the action of alcohol, ether, 
benzene, and alcoholic potassium hydroxide on coal with the idea of 
extracting all the organic sulphur. Nothing definite, however, resulted 
from this work. 

Ferdinand Fisher followed up the work of Drown on the separation 
of the inorganic from the organic sulphur.t He treated samples of 
powdered coal with water and then added bromine gradually. At the 
end of five hours the reaction was complete, but when the water had 
been heated to 70 degrees Centigrade before beginning the experiment, 
the time required was only one-half hour. The mixture was filtered, 
and sulphur and iron were determined in the filtrate. 

Bromine reacts with pyrites as follows: 

2 FeS, plus 15 Br, plus 16 H.O = Fe2(SO,); plus H.SO, plus 30 HBr 
The pyrites should therefore all pass into solution, and both the iron 
and sulphur would be found in the filtrate. Fisher at this time recog- 
ized that iron existed in other forms besides pyrites, since the residue 
‘rom these extractions contained considerable iron. The ratios between 
she percentages of iron and sulphur in the filtrate were variable and did 
not indicate that only the pyrites was extracted. In some cases the 
sulphur was higher than indicated by the formula FeS., while in others 
the sulphur was lower. This latter discrepancy was explained by 
wsuming that another form of iron went into solution or that all the 
sulphur had not been made soluble. Apparently no dilute hydrochloric- 
eon nor sulphur had been determined on the coals used as 
amples. 

Fisher believed that his method was not safe as a means for deter- 
nining the inorganic as distinguished from the organic sulphur, since 
ome of the organic sulphur might be oxidized by the bromine to sul- 
»hate and since some of the sulphate might be taken up by unsaturated 


*Archiv fiir Pharmacie, 38, 1882. 
+Zeitschrift fiir angewandte Chemie, p. 764, 1899, 
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organic compounds. From his investigations, he came to the conclu- 
sion that the larger part of sulphur in coal was in the organic form, a 
fact which had not received much consideration before that time. 

In more recent years a method has been used for the determination 
of the different forms of sulphur in coal depending on certain assump- 
tions regarding the structure of coal. In the first place, all the iron 
not soluble in dilute hydrochloric acid is assumed to be combined as 
pyrites, and the pyrite sulphur is therefore estimated on the basis of 
FeS:. Iron, however, may exist as the silicate, sometimes in large 
quantities; so there is a very weak point in this scheme of analysis. 
The sulphur soluble in dilute hydrochloric acid is taken as the sulphate 
sulphur, undoubtedly a correct assumption. After these two forms of 
sulphur are determined, the others are regarded as organic sulphur. No 
proof has as yet been given, however, that the remainder is entirely 
organic sulphur. Because of the assumptions on which this method 
depends and the indirect manner of obtaining results, some effort has 
been made to get a more direct and more nearly exact procedure. 

In 1915, E. F. Charlton performed some experiments in the Chemis- 
try Laboratory of the University of Lllinois to obtain a direct method 
for the determination of organic sulphur in coal. His process was 
essentially the phenol extraction method of Parr and Hadley, previ- 
ously described. The residue and extract were therefore analyzed by 
sodium peroxide fusion for their sulphur content. His procedure was 
based on the theory that the residue or insoluble portion of the coal left 
after the phenol treatment contained all the inorganic sulphur and 
that the portion soluble in phenol contained all the organic sulphur. 
This hypothesis seemed to apply in the case of low-sulphur coals, bw 
in high sulphur coals the amount of sulphur remaining in the insoluble 
residue was so excessive as compared with iron present that it wa 
impossible to assign such sulphur to any mineral combination. Hene 
the question arose whether the phenol was taking out all the organi 
sulphur and leaving an unknown inorganic form still remaining in the 
residue, or whether the phenol was indeed not extracting all the organi 
sulphur. That the extracted sulphur compounds were organic w: 
definitely proved by the fact that the soluble material left no ash o 
ignition. 
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APPENDIX III 


CHANGES IN THE Forms or SuLPHUR IN COAL 


When coal is allowed to remain exposed to the air for any length of 
time, certain fundamental changes take place, the exact nature of which 
has been only partially determined. Since these changes affect the 
heating and coking value of the coal to a great extent, numerous inves- 
tigations have been made in order to learn the conditions which will 
prevent the occurrence of these changes. 

Parr and Hamilton* have reviewed some of the work done on this 
problem and from their own observations have come to the following 
conclusions: 

(1) Submerged coal loses no heat value. 

(2) Outdoor exposure causes loss of heat value from 2 to 10 

per cent. 

(3) High sulphur coals oxidize in the open more than under cover, 
since the oxidation of the sulphur promotes other disinte- 
gration. 

(4) The main loss occurs in the first five months after mining. 

Even when coal samples were sealed tightly to eliminate all air, 
sonsiderable deterioration occurred. Parr and Wheelert have shown 
shat the heating value of coal kept under these conditions may decrease 
us much as 4.3 per cent. Gases seem to be given off continually, but 
with the greatest volume during the first two or three weeks of storage. 
Jxidation also occurs, due probably to the absorption of some oxygen. 
- In 1910 M’Callum conducted an investigation to determine the 
iffect of different percentages of organic and inorganic sulphur in the 
soal on the amount of residual sulphur when the coal was coked.t 
The coal used was from Nova Scotia. It was finely ground and then 
‘eparated into different samples by using solutions of different specific 
sravities. By this method, five samples were obtained and analyzed 
or their organic and inorganic sulphur content. This analysis was 
ade by calculating the sulphur which would unite with the total iron 
‘0 form pyrites and by calling this the inorganic sulphur. The remaining 
Iphur was considered as organic. M’Callum claimed that no sulphate 


*Economic Geology, Vol. 2, p. 693, 1906. 
+‘‘The Deterioration of Coal Samples.”’ Univ. of Ill. Eng. Exp. Sta., Bul. 17, 1907. 
{Chemical Engineer, Vol. 11, p. 27, 1910. 
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sulphur was present. He believed also that silicate iron was’so low 
that it might be disregarded. He apparently did not determine the 
dilute-hydrochloric-acid-soluble iron. With these very evident sources 
of error in his scheme of analysis, however, he found that the five 
samples varied in organic sulphur content from 37 per cent of the total 
sulphur to 85 per cent. 

Each of these samples was then coked to get the relative amounts of 
volatile and residual sulphur. Where the organic sulphur was present 
as 37 per cent of the total sulphur, the volatile sulphur ran 33 per cent, 
and where the organic sulphur was 85 per cent, the volatile sulphur ran 
52 per cent. No definite relationship seemed to exist between the 
amount of organic sulphur and the volatile sulphur, except that, i 
general, where the organic sulphur was high, the volatile sulphur was 
also high. This experiment seemed to disprove one of the old theories 
that coking a coal drove out all the organic sulphur and one-half of the 
pyritic sulphur. His conclusion was that ‘‘a very considerable part 
of the organic sulphur is volatilized.” 

Bradbury* as early as 1878 studied the forms of sulphur in coke. He 
treated the finely powdered coke with dilute hydrochloric acid and 
collected and determined all the hydrogen sulphide given off. 
dilute hydrochloric acid solution was analyzed for sulphate sulphw 
and for iron. The residue was then treated with concentrated aqui 
regia and potassium chlorate and this solution was also analyzed fo 
sulphur. : 

His results showed that only a small portion of the total sulphur a 
the coke existed as sulphide sulphur, that practically none existed a 
sulphate sulphur, and that even the strong oxidizing influence of th 
aqua regia-potassium chlorate mixture failed to take out more than 
small part of the total sulphur. From these results he concluded thi 
the larger part of coke sulphur was in an organic form. Practically ¢ 
the iron of the coke was dissolved by the dilute hydrochloric acid; th 
the iron pyrites of the original coal had been completely decompos 
during the coking process. 


*Chemical News, Vol. 38, p. 147, 1878S. 


